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ABSTRACT 


This  report  documents  work  carried  out  largely  over  the  fifth  and  final  year  of  the 
ONR  sponsored  University  Research  Initiative  (URI)  entitled  “Materials  for  Adaptive 
Structural  Acoustic  Control.”  This  program  has  continued  to  foster  the  successful 
development  of  new  electroceramic  single  crystal  and  composite  material  combinations  for 
both  sensing  and  actuation  functions  in  adaptive  structural  systems. 

For  the  classical  perovskite  relaxor,  dielectrics  typified  by  lead  magnesium  niobate, 
continuing  studies  of  properties  in  the  temperature  region  above  the  dielectric  maximum  T^ 
have  added  strong  additional  support  to  the  superparaelectric/spin  glass  model  for  the 
behavior  developed  earlier  in  the  IMRL.  The  most  exciting  and  important  discovery  of  the 
year  has  been  the  ultra  high  strain  capability  of  relaxor  ferroelectric  single  crystal  actuators. 
For  crystal  in  the  lead  zinc  niobate:lead  titanate  (PZN;PT)  solid  solution  system,  at 
compositions  in  the  rhombohedral  phase  close  to  the  morphotropic  phase  boundary  to  the 
tetragonal  ferroelectric  phase  at  9  mole  %  PT  in  PZN,  crystals  cut  and  poled  along  the  001 
cube  axis  exhibit  massive  field  induced  quasi  linear  anhysterestic  strains  up  to  0.6%.  For  this 
poling  d33  values  up  to  2,300  pC/N  and  coupling  coefficients  k33  of  94%  have  been  achieved 
and  it  was  the  original  hypothesis  that  these  extreme  numbers  must  be  largely  due  to  extrinsic 
domain  wall  motion.  Now  however  it  is  very  clear  that  the  exact  equivalence  of  the  effect  of 
an  001  oriented  E  field  on  the  11 1,1 11,  ill,  and  Ill  rhombohedral  domains  precludes  this  field 
from  driving  domain  wall  motion  so  that  quite  contrary  to  our  earlier  expectation  the 
polarization  and  associated  strain  phenomena  are  purely  intrinsic.  At  higher  field  levels  there 
is  an  obvious  step  in  both  polarization  and  strain  into  an  induced  tetragonal  phase  which  gives 
total  reproducible  induced  strains  up  to  1.7%.  Clearly  the  PZN;PT  crystals  represent  a  major 
breakthrough  into  a  completely  new  regimen  for  piezoelectric  actuation  and  sensing. 

For  antiferroelectric:ferroelectric  switching  compositions  in  the  lead  lanthanum 
zirconated  titanate  stannate  family,  new  experimental  studies  have  proven  that  the  induced 
polarization  P3  and  the  strain  X33  onset  at  different  field  levels.  A  new  domain  re-orientation 
model  has  been  invoked  to  explain  this  startlingly  unusual  behavior.  Both  barium  and 
strontium  additives  have  also  been  explored  to  control  hysteresis  between  forward  and 
backward  switching  with  good  success.  As  well  as  being  interesting  for  transduction  we 
believe  these  compositions  are  sure  to  be  important  for  energy  storage  dielectrics. 

In  composite  sensing  it  is  pleasing  to  report  that  the  moonie  flextensional  patent  has 
now  been  licensed  to  the  Input:Output  Corporation  who  have  successfully  fabricated  and  sold 
more  than  80,000  moonie  sensors.  Work  is  continuing  on  the  cymbal  type  modification  of 
the  moonie  with  focus  now  on  array  structures  for  large  area  panels.  This  topic  is 
transitioning  to  a  joint  study  between  the  IMRL  and  Penn  State’s  ARL,  on  a  new  MURI 
initiative.  For  the  very  small  hollow  PZT  spheres  produced  by  blowing,  the  emphasis  has  been 
upon  both  poling  and  driving  from  outer  surface  electrodes,  and  exploring  both  by 
experiment  and  by  finite  element  theoretical  methods,  the  resonant  mode  structures  which  can 
be  induced.  Studies  of  the  2:2  composite  structures  confirm  the  very  high  effective 
hydrostatic  sensitivity  and  are  permitting  closer  consonance  between  measurement  and 
theoretical  analysis. 

Actuation  studies  have  been  dominated  by  the  initial  exploration  of  the  fantastic  strain 
capability  of  the  relaxor  ferroelectric  MPB  single  crystals.  Obviously  the  induced  strains  are 
on  order  of  magnitude  larger  than  for  conventional  PZT  ceramics,  but  the  blocking  force  has 


not  yet  been  determined.  It  is  expected  that  d3j  will  also  be  large  and  anhysteritic  in  these 
crystals,  as  spontaneous  strain  depends  on  Q44  which  is  a  pure  shear  constant.  The  dj^ 
however  may  be  significantly  more  complex  as  an  Ej  field  will  certainly  drive  domain  walls  in 
these  E3  poled  crystals. 

Reliability  studies  of  conventional  actuators  are  continuing  with  emphasis  on  using 
acoustic  emission  to  explore  and  separate  domain  wall  motion  and  crack  propagation.  Most 
earlier  studies  were  indeterminate  and  difficult  to  interpret,  recently  for  these  strongly 
piezoelectric  samples  we  have  shown  that  electrical  noise  in  the  power  supply  induces  very 
strong  mechanical  noise  in  the  sample  giving  high  spurious  emission  counts.  New  studies 
using  a  long  time  constant  filter  in  the  supply  have  permitted  clear  and  effective  separation. 
Over  the  last  few  years  there  has  been  a  strong  re-awakening  of  interest  in  bimorph  type 
transducer  amplifiers  with  new  concepts  like  rainbow,  cerambow  and  thunder  appearing. 
Under  our  ONR  program  with  Virginia  Polytechnic  it  has  been  necessary  to  sort  out  the 
conflicting  claims  for  these  ‘morph’  types  and  these  data  are  included  for  completeness.  We 
have  also  begun  serious  study  of  the  large  electrostriction  in  the  soft  polyurethane  elastomers 
where  it  has  been  necessary  to  derive  new  techniques  to  measure  strain  with  ultra  low 
constraint  on  the  films. 

Processing  studies  now  involved  both  single  crystal  flux  growth  and  a  wide  range  of 
powder  and  ceramic  processing.  Current  needs  for  integrity  and  better  mechanical  properties 
are  driving  new  needs  for  fine  grained  PZT  piezoceramics  and  new  processing  is  permitting 
retention  of  excellent  properties  down  to  submicron  grain  sizes. 

From  the  wide  range  of  thin  ferroelectric  film  activities  in  the  laboratory,  only  those 
which  refer  to  the  thicker  films  being  produced  on  silicon  for  MEMS  devices  are  included. 
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Abstract-  In  the  last  few  years  the  technology  of 
uf^ng  piezoelectric  actuators  for  applications 
requiring  large  displacements  such  as 
loudspeakers  and  noise-canceling  devices  has 
undergone  signiHcant  development.  The 

RAINBOW  (Reduced  and  INternally  Biased  Oxide 
Wafer)  is  a  novel  high  displacement  actuator  and 
knowledge  of  its  dynamic  response  is  indeed 
essential  for  these  applications.  In  an  attempt  to 
characterize  the  RAINBOW,  measurements  were 
made  of  important  lumped  mechanical  and 
electrical  parameters.  Cantilevers  of  different 
dimensions  were  cut  from  RAINBOW  discs.  The 
data  include  measurements  of  the  mechanical 
displacement  (under  both  quasistatic  conditions 
and  electromechanical  resonance),  and  its 
hysteresis,  mechanical  quality  factor  and  the 
electrical  impedance  of  RAINBOW  cantilevers. 
These  measurements  demonstrate  the  macroscopic 
effects  of  the  sinusoidal  applied  electric  Held  and 
indicate  significant  non-linearities  in  the 
RALNBOW  device. 

I.  Introduction 

For  many  years,  piezoelectric  and  electrostrictive  ceramic 
materials  are  being  increasingly  investigated  for  use  as 
solid-state  actuators  for  small  displacements  (<10p)  arri 
precise  mechanical  movement  devices.  However,  many 
applications  like  loudspeakers  and  noise-canceling  devices 
require  actuators  producing  larger  displacements  (>lmm). 
The  direct  extensional  strain  in  most  active  ceramic 
materials  is  quite  small  (<1%)  and  hence  novel  techniques 
of  strain  amplification  are  required  to  satisfy  these  demands 
for  high  displacement  actuation.  Recently,  a  new  type  of 
monolithic  ceramic  bender  called  RAINBOW  was  developed 
by  Haertling  [1].  Key  features  of  the  RAINBOW  include 
quick  processing,  ease  of  fabrication,  surface  mountable 
configurations  and  above  all,  its  ability  to  produce  very 
high  displacements  at  reasonable  driving  fields.  A  good 
knowledge  of  the  dynamic  behavior  of  the  device  is  indeed 
essential  for  many  applications.  The  purpose  of  this  work 
is  to  study  the  dynamic  characteristics  of  the  RAINBOW. 


n.  Experimental  methods 

A.  Sample  Preparation 

As  it  is  known,  piezoelectric  PLZT  ceramics  arc  prepared 
by  a  conventional  mixed  oxide  process.  During  the 
processing,  an  additional  important  step  for  making  the 
RAINBOW  is  the  high  temperature  chemical  reduction 
process  which  involves  the  local  reduction  of  one  surface  of 
the  ceramic  thereby  achieving  an  anisotropic,  stress-biased, 
dome-shaped  wafer  with  significant  internal  tensile  and 
compressive  stresses  which  act  to  increase  the  overall 
strength  of  the  material  [1],  The  thickness  of  the 
electrically  conducting  reduced  layer  is  about  1/3  of  the 
sample  thickness.  The  RAINBOW  ceramics  used  in  this 
work  were  supplied  by  Aura  Ceramics  Inc.  The  original 
wafers  were  50.8mm  in  diameter  and  0.38mm  in  thickness. 
Cantilevers  of  various  dimensions  were  cut  from  the 
original  wafers  using  a  Motional  Diamond  Saw.  One  end 
of  the  cantilever  was  clamped  in  a  plastic  support  using 
Superglue,  the  other  end  was  free. 

B,  Measurements 

Frequency  measurements  under  low  electric  field  were 
perfonned  using  a  HP4194A  Impedance/Gain  Phase 
analyzer  in  the  frequency  range  100  Hz  -  4  MHz.  To 
investigate  the  response  of  the  RAINBOW  cantilevers 
under  varying  frequency  and  amplitude  of  the  driving  field 
(RMS),  sinusoidal  signals  varying  in  amplitude  and 
frequency  were  applied  with  the  signal  generator.  The 
current  flowing  through  the  sample  was  determined  from 
the  voltage  drop  across  a  small  resistance  which  was 
measured  on  a  lock-in  amplifier.  Hence  impedance  of  the 
sample  was  determined.  The  tip  displacement  of  the 
RAINBOW  cantilever  was  measured  by  an  optical  fiber 
sensor.  The  amplitude  of  the  tip  displacement  (RMS)  was 
measured  by  a  lock-in  amplifier  while  the  sinusoidal  signal 
corresponding  to  the  tip  displacement  was  monitored  on  an 
oscilloscope.  Complete  description  of  the  measurement 
setup  used  can  be  found  in  [2). 


in.  Results 

A.  Resonance  modes 

The  frequency  spectrum  of  the  electrical  impedance  of  the 
RAINBOW  cantilever  with  one  end  clamped  shows  four 
resonance  modes  in  the  frequency  range  100  Hz  -  4  MHz 

[3] .  The  lowest  resonant  mode  is  the  bending  mode.  All 
the  results  discussed  subsequently  are  pertinent  to  this 
bending  mode.  The  resonant  frequency  of  the  bending 
ri^e  can  be  expressed  as  [4] : 

/,  =  (m-’/2W;2) .  {t/L^ ) .  (/W(  p  X  ) )  (1) 

where  m  =  eigen  value  of  the  resonant  mode  =  1.875 
t  =  thickness  of  the  sample 
/  =  length  of  the  sample 
p  =  density  of  the  sample 
Sjj^  =  elastic  compliance  of  the  sample 

It  is  assumed  in  (1)  that  the  elastic  compliance  values  of 
both  reduced  and  unreduced  layers  are  equal.  Work  by 
Elissalde  [3]  confirmed  this  aspect. 

B.  Determination  of  Q 

The  sharpness  of  the  peak  in  the  impedance  fiequency 
spectrum  in  the  neighborhood  of  resonance  is  determined 
by  losses  in  the  material.  Near  the  resonance  the  dominant 
factor  may  be  related  to  the  mechanical  losses.  Hence  the 
mechanical  quality  factor  2  is  an  important  parameter  to  be 
determined  in  the  characterization  of  resonating  systems:  it 
gives  an  idea  of  the  damping,  a  narrow  peak  surrounding 
suggests  light  damping  and  vice-versa.  Q  can  be  calculated 
from  the  minimum  impedance  lat  resonance  as  follows 

[4] : 

G  =  ;/ [  4Tt(C,  +  C,) .  o;  .  lz« I  ]  (2) 

where  {C„  +  Q)  =  capacitance  measured  at  frequency  well 
below  fundamental  resonance 

fp  ^fs  =  frequencies  corresponding  to  the  maximum  values 
of  resistance  R  and  conductance  G  respectively. 

As  evident  from  Fig.  1,  2  (  calculated  from  (2) )  decreases 
almost  linearly  with  the  driving  field  over  the  2  kV/cm 
range.  This  behavior  can  be  attributed  to  the  increase  in 
the  losses  in  the  material. 

C.  Variation  off  with  driving  voltage 

Fig.  2  shows  that  the  resonant  frequency //j  decreases  with 
increasing  electric  field.  This  can  be  attributed  to  change  in 
the  elastic  properties  of  the  material  due  to  the  increasing 


driving  voltage,  increasing  losses  and  a  change  in  the 
effective  length  of  the  curved  RAINBOW  cantilever.  The 
curvature  of  the  RAINBOW  slightly  decreases  with 
increasing  magnitude  of  the  driving  voltage  resulting  in  a 
longer  effective  length,  s^f-  of  the  RAINBOW  also  may 
increase  as  a  result  of  temperature  increase  due  to  Joule 
heating  [3]. 

D.  Variation  of  tip  displacement  w  at  resonant  frequency 
with  driving  field 

Fig.  3  shows  the  variation  of  the  tip  displacement  of  the 
RAINBOW  cantilever  with  increasing  driving  field  at 
resonant  frequency.  The  tip  displacement  w  increases  in  a 
non-linear  manner  with  increasing  field.  The  lower  curve 
indicates  increasing  field  and  upper  curve  decreasing  field. 
A  5%  hysteresis  is  observed  and  the  slope  of  the  curve 
shows  a  monotonic  decrease  over  the  2  kV/cm  field  range. 
It  can  be  observed  that  w  is  as  high  as  0.6  nun  at  a  driving 
field  slightly  less  than  2  kV/cm.  This  confirms  the  high 
displacement  actuation  of  the  RAINBOW. 

E>  Variation  of  tip  displacement  w*  under  quasistatic 
conditions  with  driving  field 

As  seen  from  Fig.  4,  the  quasistatic  tip  displacement  w*  (at 
10  Hz)  increases  non-linearly  with  electric  field.  The  curve 
shows  hysteresis  and  the  slope  of  the  curve  monotonically 
decreases  with  increasing  field. 

F.  Signal  distortions 

While  traversing  the  frequency  range  100  Hz  to  1  kHz, 
small  output  signal  distortions  were  always  detectable. 
Significant  distortions  in  the  tip  displacement  signal  w  for 
a  sinusoidal  input  were  observed  for  frequencies  close  to  the 
frequencies 

/j  =  //f/  j  (3) 

where  j  =  2,  3. 4  etc. 

This  may  be  due  to  the  presence  of  higher  harmonic 
components  which  may  grow  and  cause  significant 
distortions. 

IV.  Discussion 

The  results  discussed  in  the  previous  sections  suggest  the 
presence  of  significant  non-linearities  in  the  RAINBOW 
device.  These  non-linearities  include  a  5  %  hysteresis  and  a 
change  in  the  slope  of  tip  displacement  versus  driving  field 
curve.  To  understand  the  origin  of  distortions  in  the  tip 
displacement  signal  w  of  the  RAINBOW  cantilevers  it  is 


useful  to  analyze  the  constitutive  equations  of  bending 
vibrations  [5].  Externally  applied  voltage  produces  a 
bending  moment  in  bimorph  and  unimorph  cantilevers  [5]. 
This  bending  moment  M  is  related  as 

(4) 

There  is  a  linear  relation  between  dj,  and  w  *and  between 
and  [4].  Therefore  the  product  F*  given  by 

=  (5) 

gives  an  idea  of  the  component  of  the  bending  moment 
produced  by  external  electric  field.  If  F*  is  a  non-linear 
function  of  the  sinusoidal  driving  voltage,  the 
corresponding  excited  mechanical  vibrations  can  be 
expected  to  have  higher  harmonic  components.  The 
variation  of  F*  as  a  function  of  the  driving  field  is  shown 
in  Fig.  4.  It  is  evident  from  Fig.  4  that  F*  varies  non- 
linearly  with  the  driving  field  especially  at  high  fields. 
Consequently,  at  such  high  fields,  the  higher  harmonic 
components  in  displacement  w  may  grow  and  significant 
distortions  may  result 

V.  Summary 

The  dynamic  performance  of  the  RAINBOW  under  an 
electric  field  varying  in  amplitude  and  frequency  has  been 
studied.  As  discussed  in  the  eariier  sections,  the 
measurements  of  various  parameters  like  mechanical 


displacement  (  under  both  quasistatic  condidons  and 
resonance),  electrical  impedance,  mechanical  quality  factor 
and  resonant  frequency  indicate  significant  non-linearides  in 
the  behavior  of  the  RAINBOW. 
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Fig.  1.  Mechanical  Quality  factor  as  a  function  of  applied  field 


Fig.  3.  Tip  displacement  at  resonance  as  a  function  of  applied  field 
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Fig.  2.  Resonant  frequency  as  a  function  of  applied  field 


Fg.  4.  Quasistaiic  lip  displacement  and  F  as  a  function  of  applied  field 


APPENDIX  70 


Ferroflectrics,  1995.  Vol.  173.  pp.  181 -IS9 
Reprints  available  directly  from  the  publisher 
Photocopying  permitted  by  license  onlv 


C  1995  OPA  (Overseas  Publishers  Association) 
Amsterdam  B.V.  Published  in  The  Netherlands 
under  license  by  Gordon  and  Breach  Science 
Publishers  SA 
Printed  in  Malaysia 


TAILORING  MATERIAL  PROPERTIES  BY 
STRUCTURE  DESIGN— RADIALLY  POLED 
PIEZOELECTRIC  CYLINDRICAL  TUBE 


H.  WANG.  Q.  M.  ZHANG  and  L.  E.  CROSS 
Materials  Research  Laboratory,  The  Pennsylvania  State  Univeristy, 
University  Park,  PA  16802,  USA 


and 


C.  M.  TROTTIER 

Fiber  Materials  Inc.,  Bidd^ord,  ME  04005,  USA 
(Received  May  A  1995) 

In  many  applications  such  as  hydrophone  and  ultrasonic  transducers,  materials  with  large  piezoelectric 
anisoTOpy  are  preferred  in  order  to  suppress  the  interfering  signals  from  lateral  modes.  It  has  been  shown 
that  piezwiectric  anisotropy  can  be  significantly  improved  by  structure  design.  For  imranf..  for  a  radially 
poled  cylindrical  tube,  the  effective  transverse  piezoelectric  response  can  be  tuned  to  zero.  In  this  work, 
the  effective  piezoelectric  responses  of  lead  zirconate  titanate  (PZT)  and  lead  magnesium  niobate-lead 
titanate  (PNff^-FT)  ceramic  cylindrical  tubes  were  studied.  Large  piezoelectric  anisotropy  with  a  high 
effective  uniaxial  coefficient  has  been  obtained  for  both  materials.  It  has  been  shown  that  near  zero 
effective  </„  can  be  achieved  for  a  PZT  mbe  with  a  proper  dimension  ratio  of  r,/!?,,  where  r,  and  R„  are 
inner  and  outer  radii  of  the  mbe.  respectively.  While  for  a  PMN-PT  mbe,  the  effective  piezoelectric 
responses  can  be  mned  by  the  ratio  of  as  well  as  the  bias  field  because  the  induced  piezoelectric 
coefficients  and  dyx  and  their  ratio  1^33/^/311  are  all  functions  of  the  bias  field. 


Keywords:  piezoelectric  anisotropy,  relaxor  ferroelectrics,  cylindrical  tube  structure. 


INTRODUCTION 

Conventional  piezoelectric  lead  zirconate  titanate  (PZT)  ceramics  are  widely  used  in 
many  transducer  applications.  The  materials  have  high  electromechanical  coupling 
coefficients  and  large  piezoelectric  strain  constants  d^  and  dy,.  However,  the  pie¬ 
zoelectric  anisotropy,  which  is  measured  by  d  constant  ratio  Uyj/dyjl  or  coupling 
constant  ratio  k,/kp,  where  k,  and  kp  are  thickness  and  planar  coupling  coefficients, 
respectively.  Of  the  materials  is  quite  small.  In  the  applications  where  large  piezo^ 
electric  anisotropy  is  required  PZT  ceramics  are  not  favorable  candidates.  For  ex¬ 
ample,  in  underwater  hydrophone  applications,  an  important  material  parameter  is 
hydrostatic  coefficient  d*  (sd,,  +  2dj,).  In  order  to  achieve  a  large  d^  constant  it  is 
desirable  to  use  materials  with  a  large  ratio  of  ld,j/dj,  I  since  dyy  and  dj,  have  opposite 
signs.  Similarly,  for  ultrasonic  transducers,  materials  with  high  piezoelectric  anisot¬ 
ropy  can  transmit  ultrasonic  wave  in  the  poling  direction  with  minimal  interference 
from  lateral  modes.  Previous  efforts  to  improve  piezoelectric  anisotropy  of  a  device 
were  mainly  focused  on  the  selection  of  materials  with  large  ratio  of  Idjj/dj,  1,  in¬ 
cluding  single  phase  ceramics  and  ceramic/polymer  composites.  For  example,  lead 
titanite  (PT)  ceramic  possesses  large  lattice  anisotropy.  Under  certain  processing 
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condiuons  modified  FT  ce^cs  showed  unusually  large  ratio  of  the  thickness  to 
the  planar  coupling  coefficients  and,  consequently,  a  large  ratio  of  Idu/dul'^  Pie¬ 
zoelectric  ceramic/polymer  composites  can  also  be  engineeted  to  exhibit  high  nie- 
zoelectnc  amsotropy.*  ^  ^ 

Another  approach  to  increase  piezoelectric  anisotropy  is  by  material  structure  de¬ 
sign.  Even  for  the  materials  with  small  piezoelectric  anisotropy  as  PZT  ceramics,  by 
pro^r  desi^  of  material  structure  it  is  possible  to  enhance  the  effective  longimdfinal 
coefficient  djj  meanwhile  to  suppress  the  effective  transverse  coefficient  d,,.  Piezo- 
el^c  cerarmc  cylindrical  tubes  are  commonly  employed  as  stress  sensors.  Recently 
It  has  been  sho^  that  when  poled  in  the  radial  direction,  the  effective  d,,  constant 
of  a  cer^c  tube  mth  a  la^e  ratio  of  length  to  waU  thickness  can  reach  an  excep- 
hon^y  large  value.  In  ^dition,  analysis  has  indicated  that  the  effective  dj,  constant 
CM  be  ^ed  firorn  positive  to  zero,  and  to  negative  by  varying  the  ratio  ro/Ro  of  the 
tube,  where  r,  Md  R#  are  umer  and  outer  radii,  respectively,  and/or  by  changing  the 
ratio  1^33/^31 1  of  the  ceramic.  Besides  providing  large  piezoelectric  anisotropy,  the 
structure  is  ako  very  attractive  in  the  applications  where  large  surface  displacement 
IS  required  since  the  effective  d^  constant  is  proportional  to  the  ratio  of  the  length 

0  the  wall  thickness  and  can  be  much  higher  than  those  of  PZT  and  PT  based 
ceramics. 

In  this  paper,  the  results  of  recent  investigations  of  the  effective  piezoelectric 
res^nses  of  lead  magnesium  niobate-Iead  titanate  (PMN-PT)  and  PZT  ceramic  cy- 
Imdnc^  tub^  are  reported.  High  piezoelectric  anisotropy  and  large  uniaxial  coeffi- 
cients  have  been  obtained.  The  effects  of  non-uniformity  of  electric  field  and  bias- 
field  dependence  of  induced  piezoelectric  coefficients  on  the  effective  piezoelectric 
responses  of  PMN-PT  tubes  are  discussed. 


PIEZOELECTRIC  RESPONSES  OF  A  CYLINDRICAL  TUBE 

Piezoelwtricity  can  be  described  by  the  constimtive  equations.  When  mechanical 
stress  and  electric  field  (E)  are  chosen  as  independent  variables,  the  tnc^hant>^,| 
stram  (S)  and  electric  displacement  (D)  responses  are  described  by: 


FIGURE  1  Schemaric  drawing  of  a  cylindrical  tube. 
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Si  =  SijTj  +  (la) 

D,  =  d„jTj  +  SoK^E,  (lb) 

where  Sij  are  elastic  compliances,  are  dielectric  constants,  Co  is  free  space  per¬ 
mittivity  and  d^j  are  piezoelectric  strain  coefficients.  Equation  (lb)  describes  the 
direct  effect,  where  electric  charges  are  induced  by  a  stress  while  Equation  (la) 
describes  the  converse  effect,  where  strains  are  induced  by  an  electric  field. 

Shown  in  Figure  1  is  a  schematic  drawing  of  a  piezoelectric  cylindrical  tube  and 
its  coordinate  system.  Electrodes  are  on  the  inner  and  outer  wall  surfaces  and  the 
polarization  of  the  material  is  along  the  radial  direction.  The  piezoelectric  responses 
from  the  direct  and  the  converse  effects  of  such  system  were  analyzed  by  several 
authors.^’ In  their  works,  the  voltage  developed  in  the  system  by  pressure  or  trans¬ 
mitting  responses  induced  by  an  electric  field  were  obtained.  Recently,  the  analytical 
results  of  ffie  effective  piezoelectric  strain  constants  ^33  and  ^31  of  a  radially  poled 
ceramic  tube  have  been  reported.^  It  has  also  been  shown  that  for  such  a  system,  the 
effective  piezoelectric  d  constants  determined  from  the  converse  effect  are  equal  to 
those  from  the  direct  effect.  For  the  cylindrical  tube  structure,  the  effective  d  con- ' 
stants  are  defiend  as: 


L  "‘'”1 

(2a) 

11 

1 

(2b) 

where  AL  and  AD  are  the  displacements  in  the  axial  and  radial  directions  under  an 
applied  voltage  V,  respectively,  and  L  is  the  length  of  the  tube.  The  effective  pie- 

zoelectric  d  constants  have  the  expressions: 

.  2L 

”  (£0  +  ro)\n(Ro/ro) 

(3a) 

0  0.2  0.4  0.6  0.8  1 


FIGURE  2  Calculated  effective  d  constants  of  a  PZT  ceramic  tube  as  ftmcdons  of  the  dimension  ratio. 
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“31  “  ^ 


1  + 


(3b) 


(Ro  +  ro)ln(/?o/ro)  [ 

^C  uun  wau  (/«o  »  (Jio  “  To))  or  long  tube  (L  >>  (JL  -  r.)) 

ceramic  tiih<»  a  ^  j  calculated  effective  and  d}t  constants  of  PZT-500" 

len^  of  the  Sbe  21"?nf  radi^d  &e 

n^L  0^8  fe  As  can  be  seen,  when 

reiaxor  terroelectnc  ceramic  can  be  tuned  by  the  bias  field. 


experimental  details 


2  In  *i.  Jfv  ■  '«?<>'■“  CM  be  obtained  as  seen  from  Ranre 

2.  In  this  work,  normal  piezoelecttic  ceramic  P7T  ^nn  i  ^  *  ® 

ramie  PMN  PT  ron/im  ,  ceramic  FZT-500  and  reiaxor  ferroelectric  ce- 

dimensions  were'desigiedTaStn 

peed  P^-SOO  nsli  r-ZS:drSrSer.rOo^?“  - 


TABLE  I 

Sample  dimension  of  cylindrical  ceramic  tubes 


Sample 

Rc 

fmm) 

Tq 

(nun) 

L 

fmni) 

P2T-500 

2.56 

l.OI 

12.70 

PMN-PT-I 

2.54 

1.27 

12.70 

PMN-PT.2 

2.54 

1.02 

12.70 

RADIALLY  POLED  PIEZOELECTRIC  TUBE 


185 


silver  paste  were  used  for  the  electrodes  of  PMN-PT  samples.  Low  ftequency  die¬ 
lectric  constant  and  polarization  of  PMN-PT  ceramics  as  functions  of  temperature 
were  measured  by  a  LCR  meter  (HP4274A)  and  a  pA  meter  (HP4140B),  respectively, 
with  a  computer  controlled  temperature  regulation  system.  Material  parameters 
and  dj,  and  the  effective  piezoelectric  responses  of  the  tube  samples  were  measured 
by  a  double-beam  laser  interferometer. 


RESULTS  AND  DISCUSSION 
Material  Properties 

Tie  induced  d-^  and  dj,  of  an  electrostrictive  material  are  functions  of  the  electric 
bias  field  and  are  proportional  to  the  dielectric  constant  (e/so)  and  polarization  (?) 
of  the  material.  In  order  to  obtain  high  induced  piezoelectricity,  materials  with  high 
dielectric  constants  and  large  polarization  are  preferred.  For  relaxor  ferroelectrics,  in 
the  temperatures  above  and  near  where  T„  is  the  temperature  of  maTiTnntn 
dielectric  constant  and  Ta  is  the  depolarization  temperature,  large  reversible  polari¬ 
zation  and  high  dielectric  constant  are  achievable.  Consequently,  large  material  par- 
ameters  J33  and  J3,  can  be  obtained- 

PMN  cer^cs  are  relaxor-type  ferroelectrics  with  a  broad  and  frequency-disper¬ 
sive  dielectric  constant  peak.  Near  the  diffuse  transition  region,  its  dielectric  constant 
can  be  over  30,000.  Modification  of  the  composition  by  normal  ferroelectrics  PbliOs 
can  shift  the  ^sition  temperature  from  T„  -  -10“C  to  that  near  room  temperature, 
which  IS  desirable  for  most  appUcations.  In  this  woik,  cylindrical  tubes  of 
0.9PMN-0.1^  ceramic  were  used.  Plotted  in  Figure  3  are  the  dielectric  constant  and 
the  polarization  of  the  material  as  functions  of  temperature  measured  at  frequency 
of  1  kHz.  As  can  be  seen  from  the  diagram,  the  depolarization  temperature  and 


FIGURE  3  Dielectric  constant  and  polarization  of  PMN-PT  (90/10)  ceramic  as  functions  of  tempetature. 
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FIGURE  4  Induced  piezoelectric  d,,  (a)  and  rf,,  (b)  coefficients  of  PMN-PT  (90/10)  ceramic. 


and  wr  maxmum  dielectric  constant  of  the  material  T„  are  around  10“C 

If  “  about  15.000  in  room  temperature 

At  temi»ratures  above  T^,  piezoelectricity  can  be  induced  by  a  DC  bi^  field 

Shown  m  figures  4(a)  and  4(b)  are  the  induced  transverse  and  loni^^^ieVcL 
^tnc  constant  of  0.9PMN-0.1PT  ceramic  as  functions  of  bias  fifli  «st?S 

lineal  wi±  bi^T  H  ^33  “d  dj,  coefficients  increase 

Iine^ly  wth  bias  field  until  they  teach  a  peak.  Depicted  in  figure  5  is  the  chantre 

of  the  ratio  •‘^33/^3,  l^th  the  bias  field.  The  overall  ratio  of  the  material  is  highet 
^  which  are  around  the  value  of  2.2.  In  addition,  in 

range  of  1-4  kV/cm.  this  ratio  increases  with  the  bias  field.  ITierefore.  even 
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Effective  Piezoelectric  Response  of  a  Radially  Poled  Tube 

The  material  parameters  Jjj  and  dj,  of  PZT  ceramics  are  fixed  after  the  ceramics  are 
poled.  Therefore,  the  transverse  piezoelectric  response  of  a  radiaUy  poled  PZT  cy¬ 
lindrical  tube  only  depends  on  its  dimensions.  As  indicated  in  Figure  2,  when  the 
ratio  of  To/Ro  is  0.372,  the  calculated  effective  dj,  constant  of  a  PZT-500  mbe  is  zero. 
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For  the  PZT-5(M  samples  used  in  this  study,  the  ratio  of  rJR^  was  0.395  Shown  in 
figure  6  are^ective  and  dj,  coefficients  of  a  PZT-500  tube  measured  at  low 
^uencies.  The  effective  dj,  constant  is  about  -1300  pC/N  and  the  effective  d 

»h-  ~  P<^^.  piezoelectric  anisotropy  is  greatly  enhan/’ed  in 

^  bias  field  because  the  mduced  piezoelectric  parameters  d„  and  d,,  and  their  ratio 
Idjydj.l  are  functions  of  the  bias  field.  The  bias  field  dependence  of  effective  d 

^  of  PNO^.PT  cnndc  o*oo  #I  aod  #2  if  teooKd  L 

Md  7(bX  ^pecovely.  Several  features  can  be  seen  from  the  results  preyed  in 

d*S^tM  ^  longimdinal  and  transverse 

fon^w  “  hydrostatic  appUcations,  both 

on^dinal  and  transverse  effects  make  positive  contribudon  to  th^total  restionse 

Piezoelecmc  response  (d^)  is  greatly  enhanced.  This  parameter  can 
be  fiirffier  improved  by  using  samples  with  a  larger  ratio  of  L/(Ro  -  r,).  Hence  a 
piezoelectnc  ceramic  tube  with  appropriate  dimensions  is  a  good  candidate  for  uni- 

^  samples,  when 

SnSn  ’^“0^  “  reduced  by  20%.  the  effective  d,,  constant  decreases  aLut  70% 

of  ^  Si  anisotropy  is  obtained.  (4)  Comparing  the  results 

tubular  Qtn  !T  at  the  same  bias  voltage  level,  radially  poled 

re^ed  requirements  for  the  power  supply  equipment  are  greatly 

Listed  m  Table  H  is  a  comparison  between  experimental  results  and  the  calcula- 
ons  by  Ec^uons  (3a)  and  (3b).  It  can  be  seen  that  for  PZT  samples  the  experi- 
mental  resulte  of  the  effective  d  constants  are  in  good  agreement  ^th  those  tom 
the  ^aljmc^  calculauons.  For  PMN-PT  samples,  the  discrepancy  between  the  mea- 

is^ec^  'f  *  “ore  obvious  (beyond  the  data  scattering).  This 

because  for  relaxor  ferroelectnc  materials,  induced  piezoelectricity  strong  de- 
pends  on  tiie  DC  bias  field  as  indicated  in  Figures  4(a)"and  4(b).  Fo^ 

•  H  hias  field  is  not  uniform  in  the  radial  direction.  Thus,  the 

bias*field^*^^°f?*'^^i'^  <^33  and  dj,  coefficients  are  not  constant  in  the  material. ’The 

voltal^dlv  H  as  the  bias 

oltage  divided  by  the  tube  waU  thickness.  For  the  samples  employed  in  this  woik 

the  electee  field  at  mner  waU  surface  of  the  samples  is  more  thL  double  of  that  S 


P2T-500 
PMN-PT- 1  • 
PMN-PT-2* 


TABLE  n 

Effective  d  coefficients  of  the  ceramic  tubes 


Sample  dji  (pON)  dj,  (pON) 

- - - Measured  Caiculatcd  Measured  Caj 


-1310 

-2500 

-2280 


-1308 

-3558 

-2893 


-51 

-210 

-55 


-46 

72 

617 


Both  measured  and  calculated  d  coefficients  arc  at  bias  field  of  2J  kV/cm. 
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outer  waU  surface.  For  example,  with  a  DC  bias  voltage  of  200  V,  the  actual  electric 
fields  are  0.86  kV/cm  and  2.15  kV/cm  at  the  outer  and  inner  surfaces  of  sample 
#2,  respectively.  From  Figure  4(a),  the  corresponding  induced  constants  are  390 
pC/N  and  1070  pC/N.  respectively.  Apparently,  this  inhomogeneity  of  piezoelectric 
constants  in  the  matenal  is  quite  significant  Moreover,  due  to  the  nonlinear  relation 
between  induced  piezoelectric  constants  and  the  bias  field,  the  induced  piezoelectric 
constMts  are  not  monotonically  decreasing  in  the  radial  direction.  Hence,  it  is  not 
surpnsmg  that  there  is  a  discrepancy  between  the  predictions  of  Equations  (3a)  and 
(3b)  and  the  experimental  results  for  relaxor  ferroelectrics.  For  quantitative  predic¬ 
tions  of  the  effective  piezoelectric  responses  of  a  relaxor  ferroelectric  ceramic  tube, 
the  inhomogeneity  of  induced  piezoelectric  coefficients  due  to  the  non-unifonn  bias' 
field  needs  to  be  considered. 


CONCLUSIONS 

Piezoelectric  anisotropy  can  be  significantly  improved  by  an  appropriate  structure 
design.  T^e  experimental  results  presented  above  demonstrate  that  for  a  radially 
poled  cylindrical  tube,  practically,  a  zero  transverse  coefficient  has  been  obtained 
for  both  piezoelectric  PZT  ceramic  and  relaxor  ferroelectric  PMN-PT  ceramic,  which 
confinm  the  predictions  from  the  early  anal3^cal  calculations.  Moreover,  the  effec¬ 
tive  uniaxial  coefficients  have  been  greatly  enhanced  compared  with  the  material 
parameters.  Besides  the  dependence  of  effective  piezoelectric  constants  on  the  tube 
dimensions,  the  effective  transverse  coefficient  of  a  relaxor  ferroelectric  ceramic  tube 
can  also  be  tuned  by  the  material  parameters  dj,  and  which  are  functions  of  bias 
field.  Due  to  the  non-uniform  bias  field  in  the  radial  direction,  the  inhomogeneity  of 
induced  piezoelectric  constants  in  a  tube  made  of  relaxor  ferroelectrics  needs  to  be 
considered  in  the  calculations  of  the  total  piezoelectric  responses.  The  structure  is 
promising  in  applications  where  large  surface  displacement  and  high  piezoelectric 
anisotropy  are  required. 
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Abstract  -  Crystals  of  (1-x)  Pb(A,„Nb^)03  -  x  PbTiOj 
(A=Zn^*,lVIg^*)  were  grown  by  the  flux  technique.  The  dielectric 
and  piezoelectric  properties  as  a  function  of  composition  and 
crystal  orientation  have  been  evaluated.  Both  MPB  and  non- 
MPB  crystals  were  found  to  possess  high  piezoelectric 
properties.  Values  of  longitudinal  electromechanical  coupling 
coefficients  (k^,)  >  90%,  dielectric  constants  ranging  from  3000 
to  5000  with  low  dielectric  loss  <  1%  were  observed  for 
rhombohedral  crystals.  Tetragonal  crystals  with  increased 
PbTiOj  content  exhibited  large  thickness  coupling  coefficients 
(k^)  >  63%  with  relatively  low  dielectric  constant  (~I(M)0). 
Ultrahigh  values  of  piezoelectric  coefficients  (d^j)  >  2000  pC/N 
were  also  measured  for  non-MPB  crystals  and  confirmed  by 
direct  E-fleld  strain  measurements.  These  properties  are  briefly 
discussed  in  relation  to  device  performance.' 

1.  INTRODUCTION 

Relaxor  ferroelectrics  such  as  Pb(Ziii/3Nb2/3X^3  (PZN), 
Pb(Mgi/3Nb2/3)03  (PMN)  and  their  solid  solutions  with 
normal  ferroelectric  PbTi03  (PT)  have  been  investigated  for 
high  performance  transducer  applications.  [1,2,3]  In  spite  of 
poor  phase  stability  during  solid  state  reaction,  crystals  of 
these  materials  can  be  readily  grown  by  high  temperature  flux 
technique.  It  is  the  single  crystal  form  of  these  solid  solutions 
that  exhibit  ultrahigh  piezoelectric  properties  not  currently 
available  with  piezoelectric  ceramics  such  as  PZTs. 
Longitudinal  electromechanical  coupling  (k33)  values  as  high 
as  ~90%  and  piezoelectric  coefficients  (d33)  ~1500  pC/N 
have  been  reported  for  crystals  of  PZN-PT  [2]  and  PMN-PT 
[3],  making  them  attractive  for  both  actuator  and  ultrasonic 
transducer  applications.  According  to  reported  data,  the 
properties  of  these  crystals  are  critically  dependent  upon  the 
composition  and  crystallographic  direction.  Compositionally 
these  crystals  were  engineered  to  lie  near  morphotropic  phase 
boundaries  (MPBs)  as  in  the  case  of  polycrystalline  ceramics 
and  crystallographically  have  been  poled  along  <001> 
direction. 

In  this  study,  dielectric  and  piezoelectric  properties  as  a 
function  of  composition  and  crystal  orientation  are  further 
investigated  for  PZN-PT  and  PMN-PT  crystals.  Crystals  of 
various  compositions  were  grown  by  high  temperature 
solution  technique.  Optimum  growth  conditions  and  their 


effect  on  dielectric  properties  are  discussed,  respresentatively 
for  pure  PZN  ciystals.  Specifically  the  properties  of 
rhombohedral  or  tetragonal  crystals  near  MPB  compositions 
were  evaluated  for  PZN-PT  crystals.  The  relatively  low  PT 
content  for  MPB  PZN-PT  (~9%  PT)  allows  for  more  uniform 
crystal  compositions,  compared  with  the  case  of  PMN-PT 
(PMB  -35%  PT).  It  will  be  shown  that  a  MPB  to  obtain  high 
dielectric  and  piezoelectric  properties  is  not  required. 

11.  Experimental  Procedure 

Crystals  of  PZN-PT  and  PMN-PT  were  grown  by  high 
temperature  flux  technique,  using  PbO  and  Pb0-B203  fluxes, 
respectively.  Important  parameters  were  flux  to  composition 
ratio  (7:3-6:4),  soaking  temperature  (1150-1200'’C),  cooling 
rate  (l-5®C/hr),  and  the  low  temperature  limit  to  which  the 
melt  cooled  down  (Tl,  850-900“C).  Raw  powder  was  mixed 
and  loaded  into  a  Pt  crucible.  The  Pt  crucible  was  then 
placed  in  an  alumina  crucible  which  was  sealed  with  an 
alumina  lid  and  alumina  cement  to  minimize  volatilization  of 
the  Pb  rich  phases.  Crucible  and  powder  was  placed  in  the 
furnace  and  held  at  a  soaking  temperature  for  10  hr,  followed 
by  slow  cooling  down  to  Tu  (850  -OOO^C).  The  crucible  was 
then  furnace-cooled  to  room  temperature.  Selected  crystals 
were  chemically  analyzed  using  inductively  coupled  plasma 
spectrophotometer  (ICP,  Leeman  Labs  PS30000UV)  to  check 
crystal  stoichiometry  and  the  impurities  such  as  Pt.  Pt  was 
not  detectable  within  detection  limits  (80  ppm). 

Crystals  were  oriented  along  pseudocubic  <1 1 1>  and  <00 1> 
directions  using  a  Laue  back  reflection  camera.  Samples  for 
dielectric  and  piezoelectric  measurements  were  then  prepared 
based  on  IEEE  standards.  [4]  Crystals  were  polished  with 
silicon  carbide  and  alumina  polishing  powders  to  achieve  flat 
and  parallel  surfaces  onto  which  gold  was  sputtered  as  an 
electrode.  Impedence  analyzer  (HP  4194)  and  multi¬ 
frequency  LCR  meters  (HP  4274 A  and  4275 A)  with  a 
computer  controlled  temperature  chamber  were  used  to 
measure  piezoelectric  properties  and  temperature  dependence 
of  capacitance,  respectively.  Polarization  and  strain  as  a 
function  of  E-field  were  measured  using  modified  Sawyer 
Tower  system  and  linear  variable  displacement  transducer 
(LVDT)  sensor. 


■  This  research  has  been  supported  by  Office  of  Naval  research  and 
Whitaker  Center  for  Ultrasonic  Imaging. 


Table  l  Growth  Conditions  and  Dielectric  (IkHz)  properties 
OF  PZN  CRYSTALS. 


Growth  Run 

PZN-A 

PZN-B 

PZN-C 

FluxiComposition 

7:3 

7:3 

6:4 

Soaking  Temperature  (®C) 

1150 

1150 

1200 

Cooling  Rate  (°C/hr) 

5 

1 

1 

Crystal  Color 

Colorless 

Yellow 

Brown 

Zn/Nb 

0.27 

0.30 

0.28 

Impurity  (Pt) 

n.  d.* 

n.  d. 

n.  d. 

Krt  (virgin) 

3490 

5350 

3140 

loss  (virgin) 

0.0543 

0.0662 

0.0515 

Krt  (poled) 

2540 

2980 

1260 

loss  (poled) 

0.0466 

0.0131 

0.0148 

Tmax 

145 

126 

135 

Kmax 

39700 

44600 

57000 

*  not  detectable 


III.  Result  AND  Discussion 
A.  Crystal  Growth 

Although  perovksite  crystals  of  both  PZN-PT  and  PMN-PT 
could  be  obtained  using  the  growth  conditions  mentioned 
above,  it  was  found  that  crystals  could  decompose  mto 
pyrochlore  crystals  even  after  they  were  grown  in  PbO  rich 
flux.  For  example,  the  amount  of  pyrochlore  phase  was 
critically  dependent  upon  the  temperature  limit  of  slow 
cooling  (Tl).  Tl  was  determined  by  D.  T.  A.,  detecting  the 
thermal  anomaly  caused  by  decomposition  of  perovskite  into 
pyrochlore.[5]  Slow  cooling  down  to  a  temperature  lower 
than  this  temperature  limit  (Tl)  resulted  in  an  increased 
amount  of  pyrochlore  phase.  Although  average  crystal  size 
did  not  vary  critically  on  processing  conditions,  crystal 
quality  and  associated  dielectric  properties  were  dependent  on 


the  growth  conditions  not  only  for  crystals  of  solid  solutions 
but  also  for  crystals  of  end  members  such  as  PZN.  Example 
chemical  compositions  and  dielectric  properties  of  three 
different  PZN  crystals  associated  with  different  growth 
conditions  are  given  in  table  1.  Figure  1  shows  the  dielectric 
constant  as  a  fiuiction  of  temperature  and  frequency  for 
various  PZN  crystals.  Although  broad  and  frequency 
dispersive  dielectric  maxima  are  observed  for  all  crystals  as  a 
characteristic  of  relaxors,  different  T^ax  values  occurred.  It 
can  be  found  in  table  1  that  increased  cooling  rate  and 
soaking  temperature  caused  the  Zn/Nb  ratio  to  decrease. 
Increased  soaking  temperature  was  related  to  the 
volatilization  of  Zn  rich  phase  as  well  as  Pb  rich  phase  during 
crystal  growth.  A  decreased  Zn/Nb  ratio  induced  Tmax  to 
shift  to  higher  temperatures  associated  with  a  decreased 
dielectric  constant  at  room  temperature.  Crystal  color  also 
varied  with  the  change  in  growth  parameters.  The  degree^  of 
coloration  correlated  to  the  ferroelectric-relaxor  transition 
temperature.  The  importance  of  this  temperature  was 
associated  with  the  depolarization  temperature,  determining 
the  temperature  usage  range  of  the  crystal.  Details  on  this 
coloration  are  reported  elsewhere.  [6] 

B.  Dielectric  and  Piezoelectric  Properties 

Figure  2  shows  the  dielectric  constant  as  a  fimction  of 
temperature  and  frequency  for  PZN-PT  crystals  with  varying 
PT  content.  Increased  PT  content  resulted  in  the  ferroelectric 
transition  to  become  more  Ist-order.  Increased  temperature 
range  of  the  intermediate  tetragonal  phase  was  also  observed 
with  increased  PT  content  a  consequence  of  the  curved 
MPB.[7]  The  rhombohedral  to  tetragonal  phase  transition 


Table  2  Dielectric  and  Piezoelectric  Properties  of  Pb(Ai/3Nb2/3)03  -PbTiOs  crystals  (A— Zn.  Mg)  from  k33  mode  sample. 


Crystal 

Cut 

Tmax  CO 

Dielectric  Constant  (Loss) 

Coupling 

533*^  rx  10'*^ 

m'^/N) 

d33  (pC/N) 

Nt  (Hz  m) 

PZN 

111 

‘  140 

900  (0.012) 

0.377 

7.2 

83 

2058 

001 

3600  (0.008) 

0.852 

13.2 

1100 

1521 

PZN- 

111 

‘170 

2150  (0.012) 

0.395 

6.3 

82 

2205 

8%PT 

001 

4200(0.012) 

0.938 

15.5 

2070 

1401 

PZN- 

111 

*176 

4300(0.007) 

0.644 

6.1 

405(600*) 

2240 

9.5  %PT 

001 

1400(0.004) 

0.894 

15.5 

880(1600*) 

1403 

PMN-30%PT 

001 

‘150 

2890(0.014) 

0.808 

11.6 

730 

1608 

PMN-35%PT 

001 

‘160 

3100(0.014) 

0.923 

10.2 

1240 

1730 

•  values'determined  by  Berlincourt  d33  meter. 


occurred  at  ~90°C  for  PZN-8%PT  (Figure  2(b))  and  near 
room  temperature  for  PZN-9.5%PT  (Figure  2(c)), 
substantiating  that  PZN-9.5%PT  lies  on  the  MPB.  PMN-PT 
exhibited  the  same  trend  as  that  of  PZN-PT  except  the 
increased  PT  content. 

Dielectric  and  piezoelectric  properties  of  PZN-PT  and 
PMN-PT  crystals  are  summarized  in  table  2.  High  coupling 
(k33)  values  of  89%  and  93%  were  observed  with  (001) 
oriented  MPB  crystals  of  PZN-9.5%PT  and  PMN-35%PT, 
respectively.  However,  unlike  the  case  of  polycrystalline 
piezoelectrics  such  as  PZT,  “non-MPB  crystals”  also 
exhibited  high  properties.  As  can  be  seen  in  table  2, 
longitudinal  coupling  values  (k33)  of  85%  and  94%  were 
determined  for  (001)  oriented  rhombohedral  crystals  of  PZN 
and  PZN-8%PT,  respectively.  These  high  piezoelectric 
properties  were  observed  for  crystals  oriented  and  poled 
along  the  pseudocubic  <00 1>  axis.  However,  both  P2^  and 
PZN-8%PT  poled  along  their  polar  axis  <11 1>  possessed 
coupling  less  than  40%.  It  was  found  that  this  apparent 
anisotropy  was  related  to  a  lack  of  domain  stability  after 
poling  with  respect  to  the  crystallographic  direction  [8]. 

Thickness  coupling  coefficients  (kj)  are  given  in  table  3. 
Crystals  of  MPB  compositions  (PZN-9.5%PT,  PMN-30%PT 
and  PMN-35%PT)  exhibited  kys  ~  54%. 


Table  3 

Dielectric  and  Piezoelectric  Properties  of  Pb(Ai/3Nb2/3)03  -PbTi03 
crystals  (A=Zn.  Mg)  from  kj  mode  sample. 


Crystal 

Cut 

Coupling 

K3‘ 

Loss 

Qm 

Nt(H2 

m) 

PZN 

001 

0.493 

2732 

0.013 

40 

2056 

PZN-  8%PT 

001 

0.481 

4450 

0.017 

39.5 

1831 

PZN- 

001 

0.541 

1553 

0.024 

31.3 

1967 

9.5  %PT 

PZN-1 1%PT 

001 

0.638 

890 

0.024 

16.6 

1576 

PMN-30% 

001 

0.568 

4739 

0.014 

43.7 

2368 

PT 

PMN-35%PT 

001 

0.541 

4540 

0.031 

35.3 

2305 

Rhombohedral  crystals,  however,  were  found  to  possess 
thickness  coupling  (kj)  less  dian  50%  in  spite  of  the  high 
longitudinal  coupling  (k33).  On  the  other  hand,  for  tetragonal 
crystals  of  PZN-1 1%PT,  kj  of  -64%  was  measured.  This 
increased  kj  for  tetragonal  crystal  is  a  consequence  of  the 
relatively  large  anisotropy  expected  with  tetragonal 
symmetry.  Increased  crystal  anisotropy  is  associated  with  the 
decreased  contribution  of  lateral  mode  coupling,  resulting  in 
decreased  thickness  clamping  effect  on  coupling.  The 
relatively  low  dielectric  constant  (ks^)  <1000  observed  with 
tetragonal  symmetry  is  also  indication  of  the  large  degree  of 
anisotropy. 

Ultrahi^  piezoelectric  coefficients  (d33)  -1100  and  -2000 
pC/N  were  measured  for  rhombohedral  PZN  and  PZN-8%PT 
crystal,  respectively,  (table  2)  These  values  were  confirmed 
by  direct  inspection  of  strain  as  a  function  of  electric  field  as 
shown  in  figure  3.  A  linear  response  of  strain  as  a  function  of 
electric  field  was  observed  with  the  piezoelectric  coefficients 


Figure  3  Strain  vs.  E  curves  for  (001)  oriented 
PZN  and  PZN-8%PT  crystals 


(d33)  of  ~1 100  pC/N  ((001)  oriented  PZN)  and  ~1700  pC/N 
((001)  oriented  PZN-8%PT).  This  linear  response  should  be 
noted  related  to  the  observed  low  dielectric  loss  <1%, 
indicating  that  minimual  domain  motion  was  involved  with 
this  high  strain  behavior  and  that  the  domain  state  in  (001) 
oriented  rhombohedral  crystals  is  stable. 

C  Transducer  Performance 

The  performance  gain  for  transducer  applications  associated 
with  piezoelectric  materials  with  coupling  coefficient  as  high 
as  90%  are  clearly  evident  for  ultrasound  transducers 
requiring  broad  bandwidth,  resulting  in  increased  axial 
resolution  and  improved  sensitivity.  A  range  of  dielectric 
constants  is  also  required  for  electrical  impedence  matching 
from  the  view  point  of  transducer  design.  Acoustic  arrays 
consisting  of  many  rods  or  narrow  plates  require  high  kss 
mode  coupling  and  high  dielectric  constant  for  electrical 
impedence  matching.  Therefore,  the  relatively  large 
dielectric  constant  ranging  from  3000  to  5000  found  in 
rhombohedral  PZN-PT  crystals  is  benificial  for  low  to 
medium  frequency  transducers  (2-5MHz).  On  the  other  hand, 
tetragonal  crystals  meet  the  requirements  for  high  frequency 
single  element  transducers,  where  transducer  shape  requires  a 
very  thin  plate.  Thickness  mode  coupling  (kt)  and  low 
dielectric  constant  are  necessary  for  better  performance  and 
electrical  impedence  matching,  respectively.  Further  details 
concerning  ultrasonic  transducer  design  can  be  found  in  ref. 

[9]. 

III.  Summary 

Crystals  of  PZN-PT  and  PMN-PT  were  grown  by  the  high 
temperature  flux  technique.  Growth  conditions  to  maximize 
the  amount  of  perovskite  are  suggested.  Crystal  properties 
were  found  to  vary  with  the  change  of  growth  conditions.  For 
example,  different  cooling  rates  and  soaking  temperature 
caused  the  dielectric  constant  and  T^ax  to  change  for  PZN 
crystals.  In  addition  to  high  electromechanical  couplings  for 
MPB  crystals,  (001)  oriented  rhombohedral  crystals  also 
exhibited  high  longitudinal  electromechanical  coupling  (k33) 
>  90%,  large  dielectric  constants  from  3000  to  5000, 


ultrahigh  piezoelectric  coefficients  from  1 100  pC/N  (PZN)  to 
-2000  pC/N  (PZN-8%PT).  Direct  E-field  strain 
measurements  confirmed  the  high  piezoelectric  coefficients  - 
making  them  attractive  for  actuator  applications.  Tetragonal 
PZN-11%PT  crystals  were  found  to  have  large  thickness 
coupling  coefficients  (kx)  >  63%  with  decreased  dielectric 
constant  (<1000).  Hi^  piezoelectric  activity  and  a  range  of 
dielectric  constant  associated  with  the  crystal  compositions 
and  their  respective  crystallographic  structure  will  offer 
potential  flexibility  in  transducer  design. 
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Relaxor  ferroelectric  single  crystals  of  Pb(Zn,/3Xb2/3  )03-PbTi03  (PZN-PT)  are  of  interest  as  high  performance 
transducers  due  to  their  very  large  piezoelectric  coupling  and  dielectric  properties.  A  high  temperature  flux 
solution  method  was  used  to  grow  (1  -  x)PZN-(x)PT,  where  x  =  0.0,  0.1  and  0.15  single  crystals.  Processing 
conditions  were  optimized  to  increase  the  size  and  yield  of  the  perovskite  crystals,  including  variation  of  the  flux 
to  composition  ratio,  cooling  rate,  soak  time  and  soak  temperature.  The  crystals  varied  in  size  from  0.01  cm  to 
1.5  cm  on  an  edge,  and  in  color  from  opaque  to  brown  due  to  the  changes  in  processing  conditions.  The  crystals 
were  characterized  by  XRD,  dielectric  constant  and  dielectric  loss  measurements.  As  the  content  of  PT  increased 
the  transition  from  the  paraelectric  to  the  ferroelectric  phase  approached  first  order  behavior  and  the  crystal 
structure  transformed  from  rhombohedral  to  tetragonal.  This  structure  transition  caused  the  lattice  constant 
along  the  c-axis  to  elongate  as  the  c/a  ratio  increased.  At  room  temperature,  the  dielectric  constants  for  the 
PZN-PT  compositions  along  the  [111]  or  [001]  axes  were  as  great  as  5000  and  the  dielectric  losses  were  as  low  as 
0.01. 

KEYWORDS:  lead  zinc  niobate.  lead  titanate.  relaxor  ferroelectric,  single  crystal,  transducers,  piezoelectrics,  flux  growth 


1.  Introduction 

In  contrast  to  a  normal  ferroelectric  such  as  PbTiOa 
(PT),  relaxor  ferroelectrics  exhibit  a  broad  and  frequency 
dispersive  phase  transition.  Pb(Zni/3Nb2/3)03  (PZN) 
is  an  example  of  a  relaxor  ferroelectric  material  which 
has  a  disordered  complex  perovskite  structure  in  which 
the  Zn^"*"  and  Nb®"*"  cations  exhibit  only  short  range  or¬ 
der  on  the  B-sitc.  The  maximum  in  the  dielectric  con¬ 
stant  is  obtained  near  140®  C.  The  transition  tempera¬ 
ture  (Tmax)  and  dielectric  constant  maximum  de¬ 

pend  on  the  measurement  frequency.  PZN  has  rhom¬ 
bohedral  symmetry  at  room  temperature"*-®'  with  space 
group  R3m  whereas  the  normal  ferroelectric  PbTi03 
(PT)  has  tetragonal  symmetry  with  space  group  P4mm 
and  a  transition  temperature  (Tc)  at  490®C. 

A  complete  solid  solution  is  formed  between  (1  —  x) 
Pb(Zni/3Nb2/3)03  and  xPbTiOs  (PZN-PT).  The  mor- 
photropic  phase  boundary  (MPB)  at  x  ~  0.1  separates 
the  rhombohedral  and  tetragonal  phases  at  25®C.®’^^  In 
contrast  to  the  PbZr03“PbTi03  (PZT)  system.®^  the 
MPB  for  PZN-PT  inclines  as  a  function  of  temperature 
and  composition,  as  shown  in  Fig.  1.®^ 

Single  crystal  growth  of  PZN-PT  by  the  flux  technique 
is  considerably  easier  than  for  PZT  which  makes  PZN- 
PT  a  potential  candidate  material  for  high  performance 
transducers.  Several  researchers  have  reported  on  the 
large  piezoelectric  (djg  ~  1500  x  10"*^C/N).  dielectric 
{Knr  ~  3000),  and  electromechanical  coupling  parame¬ 
ters  (ik33  ~  92%)  of  PZN-PT  based  single  crystals.®’®*^®' 
However,  most  of  these  studies  failed  to  discuss  process¬ 
ing  conditions  such  as  flux  to  composition  ratio,  soak 
temperature,  soak  time,  and  cooling  rates.  In  this  study, 
the  variables  which  affect  crystal  gro'v\’th  of  PZN  and 
90PZN-10PT  are  systematically  controlled  to  determine 
the  effect  on  size,  color  and  morphology. 


2.  Experimental  Procedure 

The  PZN-PT  single  crystals  were  grown  by  the  flux 
solution  method.**^  The  powders  used  were  PbO,  99.9%, 
Pb304,  99.9%,  and  TiOj,  99.99%  from  Aldrich  Chemi¬ 
cal  Company.  The  ZnO  and  NbjOs  powders  were  Grade 
1  from  Specialty  Products-Johnson  Matthey.  PbO  and 
Pb30.|  were  used  as  the  flux.  Each  batch  was  based  on 
450  gs  of  raw  powder  which  was  loaded  into  a  70  ml  plat¬ 
inum  crucible  and  charged  several  times  at  900®  C  until 
the  crucible  was  full.  The  platinum  crucible  was  covered 
with  a  platinum  lid  and  placed  in  an  alumina  crucible. 
The  alumina  crucible  was  then  sealed  with  an  alumina 
lid  using  alumina  cement  to  minimize  PbO  volatility  and 
then  placed  in  a  bottom  loading  furnace. 

Differential  Thermal  Analysis  (DTA)  was  used  to  de¬ 
termine  the  initial  processing  conditions  for  the  growth 
of  PZN  single  cr>"stals.  One  gram  of  30:70  PZN:PbO 
ground  crystals  was  heated  in  air  at  a  rate  of  3®C 
per  minute  to  1150®C  then  cooled  at  10®C  per  minute. 


Fig.  1.  Represents  the  PZN-PT  phase  diagram  (after  ref.  9). 
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The  processing  conditions  were  varied  in  an  attempt  to 
achieve  PZN-PT  single  crystals  which  were  perovskite 
phase  pure,  greater  than  1  cm  in  size,  and  high  optical 
quality.  The  processing  conditions  which  were  analyzed 
are  listed  below: 

1.  Mole  ratio  of  solute  composition  to  flux  (C:F) 

2.  Soaking  time  (tsonk) 

3.  Soaking  temperature  (Loak) 

4.  Slow  cooling  rate  (Cs) 

5.  Transition  temperature  (Ts-f)  between  the  slow 
(Cs)  and  fast  (Cp)  cooling  rates. 

The  effect  of  compositional  variation  was  studied  by 
\*arying  the  mole  ratio  of  solute  composition  to  flux  (C:F) 
from  26:74  to  40:60.  Figure  2  illustrates  the  furnace  pro¬ 
file  for  crj^stal  growth.  The  furnace  controller  was  pro¬ 
grammed  to  reach  the  maximum  temperature  (Tsoak)  be¬ 
tween  1150®C  and  1200® C.  The  samples  were  held  at  a 
constant  soak  temperature  (Tsoak)  for  2  to  10  h.  The  cru¬ 
cibles  were  then  cooled  at  a  slow  rate  (Cs)  between  0.5 
to  5®C  per  hour.  The  chcinges  in  soak  temperature,  time 
and  slow  cooling  rate  enabled  the  effect  of  these  variables 
on  the  crystal  color,  morphology  and  size  to  be  studied. 
After  the  furnace  temperature  cooled  to  a  temperature 
between  800®C  and  900°C.  the  furnace  was  cooled  at 
the  faster  rate  (Cp)  to  room  temperature.  The  transi¬ 
tion  temperature  between  the  slow  cooling  rate  (Cs )  and 
the  fast  cooling  rate  (Cp)  determined  the  amount  of  py- 
rochlorc  phase  formation.  The  fast  heating  (Hr)  rate 
remained  constant  at  100®  C  per  hour  for  every  crystal 
run.  The  fast  cooling  (Cp)  rate  was  held  constant  at 
-50®C  per  hour  which  will  be  discussed  in  §3.6.  The 
single  crystals  were  removed  from  the  flux  with  the  aid 
of  a  warm  25  vol%  nitric  acid  solution. 

Crystals  from  each  batch  were  ground  into  a  fine  pow¬ 
der  and  examined  by  powder  X-ray  diffraction  (XRD) 
for  phase  identification  and  lattice  parameters.  Single 
crystals  were  oriented  along  the  [ill]  or  [OOlj  crystallo¬ 
graphic  axes  using  the  Laud  X-ray  technique.  The  di¬ 
electric  constants  and  losses  were  measured  along  the 
respective  crystal  structure  polarization  axes.  The  crys¬ 
tals  were  cut  into  thin  sections  and  polished  to  a  3/im 


Fig.  2.  An  illustration  of  the  furnace  profile  for  the  PZN’-PT  sin¬ 
gle  crystal  growth. 


surface  finish.  Circuleir  gold  electrodes  were  deposited 
with  diameters  ranging  from  1  to  2  mm.  The  capacitance 
and  loss  of  the  crystal  plates  were  measured  as  functions 
of  temperature  and  frequency  using  a  Hewlett  Packard 
Programmable  4275A  Multi-frequency  LCR  meter  in  a 
computer  controlled  furnace  system. 

3.  Results  and  Discussion 

The  DTA  data  for  a  30:70  PZN:PbO  sample  is  shown 
in  Fig.  3.  On  heating,  an  endothermic  peak  occurred 
at  850®  C  which  signified  the  melting  of  the  PbO  flux. 
On  cooling,  the  crystallization  of  the  PZN  resulted  in 
an  exothermic  peak  at  1000®C.  The  crystallization  tem¬ 
perature  increased  as  the  solute  content  increased.  The 
cooling  curve  also  showed  a  second  exothermic  peak  near 
S50®C  which  is  tissumed  to  be  pyrochlore  crystallization 
which  will  be  discussed  later.  A  third  exothermic  peak 
occurred  at  700®  C  which  was  associated  with  the  flux 
solidification  temperature. 

3.1  Mole  ratio  of  solute  composition  to  flux,  (C:F) 

The  composition  to  flux  ratios.  C:F.  were  varied  from 
26:74  to  40:60.  PbO  and  PbaO.^  were  used  as  the  PbO 
source  to  determine  the  best  source  of  raw  material  for 
the  flux.  PbaO.t  was  considered  a  better  flux  than  PbO 
since  the  decomposition  of  PbsO^  to  PbO  released  O^ 
which  would  assist  in  the  thermal  mixing  of  the  raw  pow¬ 
ders.  The  three  crystals  runs  used  to  examine  the  ef¬ 
fect  of  the  C:F  are  represented  in  Table  I.  With  each 
of  the  crystal  runs  all  the  growth  parameters  were  held 
constant  except  the  C:F  ratio.  The  ratio  of  35:65  pro¬ 
duced  perovskite  crystals  with  minimal  pyrochlore  phase. 
The  30:70  ratio  produced  yellow  perovskite  single  crys¬ 
tals  with  approximately  15vol%  pyrochlore  phase.  The 
26:74  ratio  produced  100%  pyrochlore  crystals.  The  sta¬ 
bility  of  perovskite  with  respect  to  pyrochlore  was  found 
to  be  very  sensitive  to  the  C:F  ratio  and  it  was  assumed 
that  no  perovskite  crystals  could  be  formed  with  a  ra¬ 
tio  lower  that  26:74.  It  has  been  found  that  PZN  can 
be  formed  under  an  excess  molten  PbO  environment. 
Therefore,  the  temperature  range  where  PZN  phase  can 
be  formed  using  a  PbO  flux  depends  on  the  C:F  ratio. 
This  temperature  range  is  associated  with  both  crystal- 


Fig.  3.  .4  DTA  measurement  of  a  30  mole  percent  PZN  to  70  mole 

percent  PbO  sample. 
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Table  I.  Study  of  the  effect  of  the  composition  to  flux  (C:F)  ratio 
on  a  PZN  perovskite  crystal  formation. 


Run  number 

1 

2 

3 

Crystal 

PZN 

PZN 

PZN 

C:F 

26:74 

30:70 

35:65 

Flux 

PbO 

PbO 

PbO 

tsoak  (b) 

2 

2 

2 

r«,ak  i^C) 

1150 

1150 

1150 

Cs  {°C/h) 

2 

2 

2 

Ts-f  (°C) 

900 

900 

900 

Color 

NA 

yellow 

yellow 

Size  (cm) 

NA 

0.3 

0.5 

Perovskite  {%) 

0 

85 

95 

Pyrochlore  (%) 

100 

15 

5 

Table  II.  Study  of  the  effect  of  soaking  time  on  a  90PZN-10PT 
perovskite  crystal  formation. 


Run  number 

1 

2 

Crystal 

90PZN-10PT 

90PZN-10PT 

C:F 

30:70 

40:60 

Flux 

PbO 

PbO 

(i>) 

2 

10 

(“C) 

1150 

1150 

Cs  ('C/h) 

2 

2 

Ts-f  ('C) 

900 

900 

Color 

yellow 

yellow 

Size  (cm) 

0.6 

0.6 

lization  temperature  and  decomposition  temperature  of 
the  perovskite  phase  into  the  pjTochlore  phase;  therefore, 
decreasing  the  C:F  ratio  causes  the  decomposition  tem¬ 
perature  and  crystallization  temperature  to  increase  and 
decrease,  respectively.  In  other  words,  decreasing  the 
C:F  ratio  caused  the  perovskite  crystallization  tempera¬ 
ture  range  to  decrease.  Most  of  all,  the  increase  of  the 
decomposition  temperature  would  be  critical  if  the  Ts-f 
in  Table  I  were  hxed  since  all  of  the  perovskite  phase 
would  decompose  into  the  pyxochlore  phase.  This  de¬ 
composition  in  to  the  pyrochlore  phase  is  expected  to  be 
the  case  for  the  26:74  ratio  batch,  and  will  be  further 
discussed  in  §3.5. 

3.2  Soak  time,  (tsock) 

The  soak  time,  t,oak,  was  changed  from  2  to  10  hours, 
as  reported  in  Table  II,  to  determine  the  effect  on  crystal 
growth.  The  effect  of  the  soak  times  was  compared  using 
the  MPB  composition,  90PZN-10PT.  The  single  crystals 
for  the  two  soak  times  were  similar  in  color  (yellow)  and 
size  (0.6  cm).  From  this,  it  can  be  assumed  that  soak 
time  does  not  appear  to  have  a  significant  effect  on  the 
crystal  quality  or  size;  therefore,  a  shorter  soak  time  is 
recommended  to  reduce  volatilization  of  PbO  and  ZnO. 

3.3  Soak  temperature^  (Tsoak) 

While  the  DTA  data  indicated  a  soak  temperature, 
of  1000°C  would  be  sufficient  to  grow  perovskite 
crystals,  actual  crystal  runs  demonstrated  that  higher 


Table  III.  Study  of  the  effect  of  the  soaking  temperature  on  a 
PZN  perovskite  crystal  formation. 


Run  number 

1 

2 

Crystal 

PZN 

PZN 

C:F 

40:60 

40:60 

Flux 

PbO 

PbO 

i.o.k  (J*) 

10 

10 

Tsoa  rc) 

1150 

1200 

Cs  ('C/h) 

1 

1 

Ts-f  ('C) 

900 

880 

Color 

dark  yellow 

dark  brown 

Size  (cm) 

0.6 

1.5 

Table  IV.  Study  of  the  effect  of  the  slow  cooling  rate 
perovskite  crystal  formation. 

on  a  PZN 

Run  number 

1 

2 

3 

Crystal 

PZN 

PZN 

PZN 

C:F 

30:70 

30:70 

30:70 

Flux 

PbO 

PbO 

PbO 

ttoak  (b) 

2 

2 

2 

T.o.k  ('C) 

1150 

1150 

1150 

Cs  (°c/h) 

0.5 

2 

5 

Ts-f  (°C) 

900 

900 

900 

Color 

NA 

yellow 

white 

Size  (cm) 

NA 

0.5 

0.5 

Mechanical  integrity 

NA 

strong 

weak 

Pyrochlore  {%) 

100 

15 

15 

temperatures  were  needed  to  produce  crystals  larger 
than  a  few  100  fim.  Crystals  grown  using  soak  temper¬ 
atures  of  1150®C  and  1200®  C  varied  in  size  and  color  as 
represented  in  Table  III.  The  higher  soak  temperature 
produced  larger  cry’stals  (~  1.5  cm)  with  a  brown  color 
and  the  lower  soak  temperature  produced  smaller  crys¬ 
tals  (~  0.6  cm)  with  a  yellow  color.  The  growth  rate  at 
1150®C  was  0.0024  cm/h,  compared  to  0.0047  cm/h 
at  1200°  C.  The  origin  and  effect  of  the  color  differences 
on  measured  dielectric  properties  are  the  subject  of  fu¬ 
ture  investigation. 

3.4  Slow  cooling  rate,  (€$) 

PZN  single  crystals  slow  cooled  at  different  rates  var¬ 
ied  in  structure  and  color.  The  cooling  rate,  Cs,  was 
altered  from  0.5°C/h  to  5°C/h  as  compared  in  Table  IV. 
The  crystals  which  were  formed  at  the  slowest  rate, 
0.5° C/h,  had  only  pyrochlore  phase  present  which  can  be 
attributed  to  the  decomposition  of  the  perovskite  phase. 
The  crystals  cooled  at  2°  C/h  had  a  perovskite  struc¬ 
ture  with  a  yellow  color.  The  crystals  cooled  using  the 
fastest  rate  were  perovskite  and  opaque.  The  opaque  per¬ 
ovskite  crystals  contained  many  cracks;  therefore,  they 
were  more  brittle  than  the  yellow  perovskite  crystals. 
The  faster  cooling  rate  supersaturated  the  solution  and 
resulted  in  unstable  growth  conditions.  An  intermediate 
cooling  rate  1  to  2°  C/h  was  optimal  to  produce  low 
defect  perovskite  PZN  single  crystals. 
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Table  V.  Study  of  the  effect  of  the  transition  temperature  on  a 
PZN  perovskite  crystal  formation. 


Run  number 

1 

2 

Crystal 

PZN 

PZN 

C:F 

40:60 

40:60 

Flux 

PbO 

PbO 

tsoftk  {^) 

10 

10 

T.o.k  ("C) 

1200 

1200 

Cs  {®C/h) 

1 

1 

Ts-f  (°c) 

800 

880 

Color 

Light  brown 

Dark  brown 

Size  (cm) 

0.4 

1.5 

Perovskite  (%) 

75 

95 

Pyrochlore  (%) 

25 

5 

3.5  Lower  temperature  limit  of  slow  cooling,  (Ts^f) 

The  crucibles  were  slow  cooled  down  to  the  transition 

temperature  between  slow  and  fast  cooling,  Ts-f,  which 
was  varied  between  900® C  to  800®  C.  From  the  DTA  data 
in  Fig.  3,  it  was  expected  that  the  exothermic  peak  at 
850®C  was  due  to  pyrochlore  formation.  From  the  ex¬ 
periments  represented  in  Table  V,  it  was  confirmed  that 
the  second  peak  in  Fig.  3  was  the  pyrochlore  crystalliza¬ 
tion  temperature.  The  percentage  of  pyrochlore  phase 
formed  can  be  reduced  by  setting  Ts-p  above  850®  C. 

3.6  Fast  cooling  rntc,  (Cp) 

It  must  also  be  noted  that  it  is  very  important  to  cool 
quickly  through  the  pyrochlore  phase  region  to  avoid  py¬ 
rochlore  crystal  formation.  The  fast  cooling  rate,  Cp, 
was  found  to  be  associated  with  the  decomposition  of 
perovskite  crystals  into  pyrochlore  crystals.  The  size 
and  3deld  of  perovskite  crystals  decreased  and  pyrochlore 
crystals  increased  as  the  cooling  rate  decreased.  At  a  Cp 
of  — 50®C/h,  the  crystals  maintained  a  high  quality  per¬ 
ovskite  structure  without  cracking. 

3.7  Crystal  morphology 

In  each  crystal  growth  run,  a  fraction  of  pyrochlore 
phase  formed  on  the  top  layer  of  the  crucible. which  de¬ 
pended  on  processing  conditions.  The  pyrochlore  phase 
was  very  easy  to  identify  and  remove  since  it  had  an 
orange-red  color  and  octahedral  morphology  with  the 
S3mimetry  m3m,  as  illustrated  in  Fig.  4(a). 

Perovskite  PZN  crystals  showed  an  arrow-head  shape, 
as  illustrated  in  Fig.  4(b),  as  found  by  previous  re¬ 
searchers.^*  The  typical  crystal  morphologies  for 
PZN-PT  are  presented  in  Fig.  5.  Although  the  rhombo- 
hedral  perovskite  crystals  did  not  exhibit  a  fully  faceted 
well  developed  morphology,  the  {111}  faces  which  indi¬ 
cates  the  rhombohedral  morphology  could  be  indexed. 
It  was  expected  that  the  morphology  of  the  crystals 
would  have  been  cubic  since  according  to  Fig.  1  the 
crystals  should  have  had  a  cubic  symmetry  when  they 
were  grown.  This  means  that  if  perovskite  crystals  were 
grown  under  stable  growth  condition  a  cubic  morphology 
should  have  occurred.. Even  though  it  is  not  obvioxis  why 
PZN  perovskite  crystals  have  a  rhombohedral  morphol¬ 
ogy  with  an  arrow-head  shape,  it  can  be  assumed  that 


Fig.  4.  Illustration  of  the  crystal  morphology,  (a)  pyrochlore  and 
(b)  perovskite. 

the  PZN  perovskite  crystals  were  not  grown  under  sta¬ 
ble  conditions,  but  under  metastable  conditions  in  a  PbO 
excess  environment.  From  the  as-grown  morphology,  it 
can  be  expected  that  the  formation  for  the  perovskite 
crystals  under  metastable  conditions  can  be  followed  by 
the  decomposition  of  the  cryst2d  into  another  phase  (the 
other  phase  being  pyrochlore)  if  appropriate  growth  con¬ 
ditions  are  not  maintained  which  was  supported  by  this 
work. 

3.8  Dielectric  constant  and  loss  measurements 

All  single  crystals  characterized  by  dielectric  measure¬ 
ment  were  confirmed  as  perovskite  by  XRD.  The  dielec¬ 
tric  constant  and  dielectric  losses  were  measured  along 
the  [111]  and  [001]  directions  of  the  pseudocubic  unit 
cell.  All  of  the  dielectric  loss  values  measured  at  high 
(>  225®C)  and  low  (<  25®C)  temperatures  were  low 
which  suggested  that  the  crystals  had  minimal  number 
of  defects. 

Dielectric  constant  and  loss  variations  of  PZN  with 
temperature  is  shown  in  Fig.  6.  This  [111]  oriented  ays- 
tal  showed  t3rpical  relaxor-type  ferroelectric  phase  transi¬ 
tion  behaviors  in  which  the  dielectric  constant  maximum 
lowered  &om  ~  53000  to  43000  and  shifted  to  higher 
temperatures  from  140®C  to  150®C  with  increasing  fre¬ 
quency  from  100  Hz  to  100  kHz. 

According  to  previously  reported  work,**”^^  the  90PZN- 
lOPT  single  crystal  composition  should  lie  along  the  mor- 
photropic  phase  boundary  at  room  temperature.  In  the 
case  of  PZN-PT,  the  MPB  varies  as  a  function  of  temper¬ 
ature  and  composition.  Thus,  the  MPB  is  not  a  particu¬ 
lar  composition  but  a  range  of  compositions,  and  there¬ 
fore  a  mixed  phzise  was  expected  for  this  crystal.  The 
XRD  data  for  the  90PZN-10PT  composition  is  shown  in 
Fig.  7.  All  peaks  could  be  indexed  as  mixed  rhombo- 
heiral  and  tetragonal  phases.  The  lattice  parameters  of 
the  rhombohedrad  and  tetragonal  phases  are  a  =  4.051  A, 
a  =  89.93  A  and  a  =  4.033  A,  c  =  4.080  A,  respectively. 
Near  room  temperature  a  dramatic  change  in  the  dielec¬ 
tric  loss  occurred  accompanied  by  a  slight  change  in  the 
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Fie  5  PZX-PT  based  single  crystals  grown  in  this  study.  Scale:  5  grid  lines  ~  6.4mm.  (a)  1007r_PZN  (Table  111,  Run 
*  2).  (b)  100%  PZN  (Table  IV.  Run  2).  (c)  100%  PZN  (Table  IV.  Run  3).  (dl  90PZN-10PT  (Table  II.  Run  1).  and 
(e)  85PZN-15PT.  Run  numbers  correspond  to  data  in  Tables  I  through  \  . 
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Fig.  7.  X-ray  diffraction  patterns  for  the  90PZN-10PT  composi- 


dielectric  constant.  These  changes  signified  the  rhom- 
Fig.  6.  The  dielectric  constant  and  loss  behavior  as  a  function  of  oohedral  to  tetragonal  transition  which  coincides  with  a 
temperature  for  a  PZN  single  cr>’stal.  previous  report.'“'  Although  the  90PZN-10PT  composi¬ 

tion  showed  more  of  a  first-order  phase  iransition  than 
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Fig.  8.  The  dielectric  constant  and  loss  behavior  as  a  function  of  Fig.  9.  The  dielectric  constant  and  loss  behavior  as  a  function  of 
temperature  for  a  90PZN-10PT  single  crystal.  temperature  for  a  85PZN-15PT  single  crystal. 


Table  VI.  Dielectric  constant^  dielectric  loss  and  transition  behavior  of  PZX-PT  crystals  at  I  kHz. 


Crystal 

Art 

Loss 

(“C) 

TVansition  type 

PZN  (111) 

90PZN-10PT  [111) 
85PZN-15PT  [001] 

3200 

5000 

2400 

0.05 

0.03 

0.01 

^135 

~  165 

210 

/s.  50000 

/s#  45000 

30000 

Relaxor 

Mixed 

First  order 

the  PZN  crystal,  it  still  had  some  relaxor  behavior  with 
the  onset  temperature  of  148®  C  below  Tmmx  as  shown  in 
Fig.  8.  The  occurred  near  160®C  with  a  dielectric 
constant  near  45000  for  100  Hz. 

Single  crystal  XRD  analysis  for  the  85PZN-15PT  re¬ 
vealed  that  this  composition  had  a  single  phase  tetrago¬ 
nal  structure.  This  crystal  showed  the  first-order,  Curie- 
Weiss  behavior  as  expected  for  the  tetragonal  structure. 
Figure  9  shows  the  dielectric  constant  and  loss  variations 
on  temperature  for  [OOl]  oriented  crystal.  Sharp  first  or¬ 
der  transitions  were  foimd  at  a  temperature  of  205®  C 
with  a  maximum  dielectric  constant  near  34000. 

In  Table  VI,  the  dielectric  constant,  dielectric  loss  and 
transition  behavior  of  the  as-grown  crystals  are  summa¬ 
rized.  As  expected,  the  morphotropic  phase  boundary 
crystal  (90PZN-10PT)  showed  the  highest  dielectric  con¬ 
stant  at  room  temperature.  The  maximum  dielectric 
constant  at  the  transition  temperature  decreased 

with  increasing  PT  content. 

4.  Conclusions 

The  growth  of  PZN-PT  single  crystals  using  the  flux 
method  produced  high  quality,  low  defect,  perovskite 
crystals.  However,  it  was  found  that  the  perovskite  crys¬ 
tals  were  grown  under  metastable  conditions  which  could 
easily  decompose  into  pyrochlore  crystals  with  changes 
in  processing  conditions.  The  PZN-based  crystals  var¬ 
ied  in  size  and  color  depending  on  the  processing  con¬ 
ditions.  A  solute  composition  to  flux  ratio  of  30:70  to 
40:60,  Pb304  as  the  flux,  and  a  soak  time  of  2h  pro¬ 


duced  perovskite  crystals.  Larger  crystals  were  grown 
by  increasing  the  soak  temperature  to  1200® C.  A  cooling 
rate  between  l®C/h  and  2®C/h  produced  perovskite  crys¬ 
tals  which  were  near  defect-free  and  mechanically  strong. 
The  ciy'stals  which  were  slow  cooled  down  to  900®C  were 
nearly  100%  perovskite  phase  since  the  pjTochlore  crys¬ 
tallization  which  began  at  850® C  was  avoided. 

The  dielectric  constant  and  loss  calculations  deter¬ 
mined  by  capacitance  measured  as  a  function  of  temper¬ 
ature  showed  a  trend  towards  more  first  order  behavior 
as  the  concentration  of  PT  was  increased.  The  increase 
in  PT  caused  the  dielectric  constant  at  room  tempera¬ 
ture  to  peak  at  10%PT.  In  all  three  crystal  compositions 
measured,  the  dielectric  loss  was  less  than  0.05  at  room 
temperature  which  signified  high  quality,  low  defect,  sin¬ 
gle  crystals. 
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Under  ferroelectric  switching  in  Pb(Zr,Ti)03  (PZT)  ceram¬ 
ics,  we  demonstrate  that  oxygen  gas  is  emitted  and  degrades 
electrode  microstructure,  the  oxygen  is  a  direct  result  of 
the  defect  chemistry  associated  with  superoxidation  which 
is  established  during  the  processing  of  the  ceramics.  Under 
high  alternating  electric  fields,  electron  injection  into  the 
ceramic  surface  induces  a  reduction  process,  and  surface 
layers  are  believed  to  change  from  a  p-type  electronic  com¬ 
pensation  to  an  ionic  compensation  of  oxygen  vacancies 
and  A-site  lead  vacancies.  During  this  process,  we  noticed 
progressive  changes  in  capacitance,  loss,  remnant  polariza¬ 
tion,  and  coercive  held.  The  wider  implications  of  this  obser¬ 
vation  for  PZT  thin  film  nonvolatile  memories  are  discussed 
in  brief. 

I.  Introduction 

IN  THE  past  40  years,  Pb(Zr,Ti )03  ceramics,  or  PZT,  have  been 
extensively  investigated  for  piezoelectric  applications.  Their 
performance,  however,  is  critically  dependent  on  the  materials 
fabrication  processes,  both  the  mixing  of  Zr  and  Ti  and  the 
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stoichiometry  of  the  volatile  Pb.**^  Even  when  an  extra  lead 
source  is  used  in  an  undoped  PZT,  PbO  is  lost  in  the  sintering 
process.^  The  loss  of  PbO  causes  the  material  to  have  high 
conductivity,  which  is  undesirable  for  piezoelectric  applica¬ 
tions.  The  mechanism  of  defect  chemistry  for  this  phenomenon 
has  been  reported  by  Jaffe,  Cook,  and  Jaffe.'^  That  is,  during 
sintering  and  cooling  in  the  furnace,  oxygen  from  the  atmo¬ 
sphere  re-enters  the  ceramic  such  that  there  is  a  net  ionic  imbal¬ 
ance  of  Pb-site  vacancies.  This  process  is  referred  to  as 
superoxidation,  and  the  resulting  ceramic  is  compensated  by 
electron  holes  in  the  valence  band,  producing  a  p-type  PZT. 
The  processing  and  associated  defect  chemistry  of  doped  and 
undoped  PZTs  have  been  discussed  by  a  number  of  authors.^* 
Nevertheless,  few  works  have  been  done  on  the  ferroelectric 
behavior  of  PZT  under  dc  or  ac  field  after  it  experiences  the 
superoxidation  process. 

The  objective  of  this  work  was  to  determine  the  origin  of  a 
surprising  observation  of  gas  evolution  at  the  surface  of 
Pb(Zr,Ti)03  ceramics  undergoing  polarization  switching.  The 
subsequent  change  in  dielectric  and  ferroelectric  properties 
associated  with  this  gas  evolution  at  room  temperature  is  dis¬ 
cussed  along  with  its  defect  chemistry.  The  defect  chemistry 
discussed  in  this  communication  uses  fooger-Vink  notation.’ 

II.  Experimental  Procedure 

A  lead-deficient  PZT,  namely  Pbo.98(Zro.52Tio.48)03,  was  made 
by  conventional  solid-state  reaction  using  the  appropriate 
amounts  of  reagent-grade  raw  powders  of  lead  carbonate,  zirco¬ 
nium  oxide,  and  titanium  oxide.  The  chemical  purity  of  each 
was  greater  than  99%.  Calcined  powder  was  examined  by  X-ray 
diffraction  (XRD)  to  ensure  phase  purity.  The  powder  showed  a 
single  phase  within  the  detection  limit  of  XRD  (<2%).  The 
pellets  were  pressed  and  sintered  at  1250®C  for  2  h  with 


Time  (minutes) 


Fig.  1.  As-sintered  sample  showed  a  lossy  hysteresis  loop  with  a 
“pinched”  shape. 


Fig.  2.  Gas  chromatography  result  confirmed  the  existence  of 
oxygen. 
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Fig.  3.  Changes  in  P  vs  £  hysteresis  loops  during  the  gas  evolution. 


10®C/min  ramp  rates.  During  sintering,  2  g  of  PbZrOj  was  used 
as  the  lead  source  in  a  crucible  to  minimize  lead  volatilization. 
The  average  density  of  the  sintered  samples  was  7.58  g/cm^  and 
the  average  weight  gain  was  0.74%.  The  sintered  samples  were 
polished  and  sputtered  with  gold  electrodes. 

The  polarization  of  the  samples  was  measured  using  a  modi¬ 
fied  Sawyer-Tower  circuit.  The  sample  holder  was  placed  in  a 
plexiglass  container,  in  which  a  clear  liquid  Fluorinert  (FC-8270 
Flourinert,  3M,  St.  Paul,  MN)  was  provided  for  insulation  to 
prevent  arcing  at  sample  edges.  During  cyclic  driving,  a  100  Hz 
sine  wave  was  applied  until  the  desired  cycles  were  achieved, 
and  then  the  polarization  versus  electric  field  loop  was  taken  at 
10  Hz  for  better  data  resolution.  The  capacitance  and  loss  were 
immediately  measured  using  an  LCR  meter  (Model  SR715, 
Stanford  Research  Systems)  at  1  kHz.  In  addition,  gas  bubbles 
were  observed  during  the  measurement.  An  inverted  glass  vial 
filled  with  Fluorinert  was  held  above  the  ceramic  sample  to 


collect  the  gas  bubbles.  The  gas  was  analyzed  using  a  0.5  nm 
molecular  sieve  column  in  a  Varian  3400  gas  chromatography 
unit. 

m.  Results  and  Discussion 

The  proposed  electrochemical  reaction  is  based  on  the  super¬ 
oxidation  process.  During  sintering,  PbO  is  lost  because  of  its 
high  partial  pressure,  leaving  lead  and  oxygen  vacancies  of 
Schottky-type  point  defects: 

+ VS-^null  (1) 

During  sintering  and  cooling,  oxygen  from  the  atmosphere  is 
absorbed  by  the  ceramic,  and  electron  holes  are  created: 

io,  -^V”^  +  2h'  +  Oo  (2) 

This  makes  the  sintered  PZT  a p-type  ceramic.  The  direct  effect 
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Fig.  4.  Remnant  polarization  and  coercive  field  during  the  gas 
evolution. 


Fig.  6.  Capacitance  and  loss  showed  progressive  changes  during  the 
gas  evolution.  Note  that  the  loss  of  an  as-sintered  sample  is  0.027. 


of  superoxidation  observed  in  this  study  is  high  dielectric  loss 
and  lossy  hysteresis  P  vs  £  behavior,  as  shown  in  Fig.  1. 

When  cycling  an  alternating  (ac)  electric  field  to  establish 
ferroelectric  switching,  it  was  noted  that  bubbles  evolved  at 
the  outer  electrodes  of  the  PZT  pellets.  Interestingly,  this  gas 
evolution  only  occurred  when  the  applied  electric  field  was 
larger  than  28  kV/cm,  indicating  an  energy  barrier  in  the  pro¬ 
cess.  Eventually,  after  a  few  hundred  thousand  cycles  the  gas 
evolution  was  exhausted  and  there  were  no  further  changes  to 
the  hysteresis  loop  unless  breakdown  occurred. 

Under  ac  drive,  electrons  can  be  injected  into  the  ceramic 
under  both  forward  and  reverse  bias.  The  electrons  can  then 
undergo  recombination  with  the  holes  in  the  following  reaction: 

v;  +  2h'  +  Oo^v';,  +  Vo  +  io,T  (3) 

Electroneutrality  is  established  by  the  reduction  reaction  which 
gives  off  oxygen  gas.  It  was  noted  that  such  a  reaction  does  not 
occur  under  unipolar  driving. 

The  gas  evolved  during  this  process  was  analyzed  by  gas 
chromatography  using  a  packed  5  nm  molecular  sieve  column 
in  a  Varian  3400  GC.  The  gas  analyzed  consisted  of  oxygen 
(88.4%).  water  (1.7%),  and  Fluorinert  (9.9%),  as  shown  in 
Fig.  2.  Both  the  water  and  Fluorinert  originated  from  the 
syringe  as  it  was  initially  filled  with  Fluorinert  to  remove  the 
possibility  of  air  being  present  when  a  sample  of  the  evolved 
gas  was  removed.  The  gas  chromatography  column  used  to 
analyze  the  evolved  gas  could  not  distinguish  between  molecu- 


Fig.  5.  Damage  caused  by  the  oxygen  evolution  process  became 
apparent  after  50000  cycles. 


lar  and  atomic  oxygen,  and  therefore  the  possibility  of  atomic 
oxygen  being  present  could  not  be  ruled  out.  Note  that  the 
insulating  liquid  Fluorinen  is  a  fully  fluorinated  carbon  com¬ 
pound  with  primarily  nine  carbons  and  its  boiling  temperature 
is  130°C.'“  Therefore,  oxygen  could  not  be  a  product  of  Fluo¬ 
rinert  even  if  it  slowly  disintegrated  or  boiled  under  high  elec¬ 
tric  field.  This  eliminated  the  possibility  of  other  gas-emitting 
mechanisms. 

It  is  speculated  that  oxygen  was  evolved  from  the  lattice  of 
the  ceramic  as  atomic  oxygen.  However,  because  of  its  reactiv¬ 
ity,  the  method  of  collection,  and  limitation  of  the  chromatogra¬ 
phy  column,  only  molecular  oxygen  could  be  determined.  The 
evolution  of  this  oxygen  from  the  ceramic  was  anticipated  to 
cause  point  defects  or  clustered  point  defects  such  as  crx'stallo- 
graphic  shears  or  dislocation  loops  within  the  lattice. 

There  were  changes  in  the  polarization  switching  behavior 
as  the  gas  evolution  occurred.  Figure  3  shows  some  of  the 
£  vs  £  behavior  changes  observed  during  the  gas  evolution. 
An  as-sintered  sample  showed  a  lossy  hysteresis  loop  with  a 
“pinched”  shape,  which  resumed  its  normal  shape  after  a  few 
thousand  cycles  of  ac  driving.  Continuing  driving  increased  the 
remnant  polarization  (£,)  and  coercive  field  (Ef),  as  shown  in 
Fig.  4.  Increased  polarization  may  be  caused  by  decreased 
p-type  conductivity;  i.e..  the  electric  field  contributes  more  to 
polarization  switching  rather  than  electric  current.  In  addition, 
increased  suggests  that  the  material  becomes  harder  with  gas 
evolution.  One  possible  explanation  is  the  recovery  of  Schottky 
pairs  near  the  surface  which  can  cause  nonuniform  distribution 
of  electric  field.  This  behavior  is  subject  to  further  investigation. 
In  Fig.  4,  it  is  found  that  decreases  after  20000  cycles. 
This  implies  that  material  damage  caused  by  accumulation  of 
oxygen  vacancies  near  the  surface  has  started.  The  damage 
became  apparent  after  500(X)  to  60000  cycles,  as  evidenced  by 
the  small  black  spots  on  the  sample  surface  (Fig.  5). 

Direct  evidence  of  decreased  conductivity  was  confirmed  by 
decreased  dielectric  loss  with  respect  to  the  number  of  cycles. 
Figure  6  shows  the  capacitance  and  loss  as  a  function  of  the 
number  of  cycles.  In  general,  both  showed  a  continuous 
decrease  during  the  cycling.  In  particular,  the  loss  showed  a 
dramatic  decrease  in  the  first  1000  cycles.  This  indicates  that  by 
pumping  out  oxygen,  the  contribution  of  electron  holes  to  both 
dielectric  constant  and  loss  decreases.  After  20000  cycles,  the 
faster  decrease  of  capacitance  and  the  unstable  loss  again  sug¬ 
gest  the  accumulation  of  damage  in  the  material. 

The  gas  evolution  damaged  the  electrode  microstructure  as 
shown  in  Fig.  5.  All  of  the  observations  made  in  this  study 
would  suggest  that  the  electrochemical  reaction  could  be  poten¬ 
tially  damaging  in  degradation  mechanisms  in  lead-based 
ceramics.  This  could  be  important  for  nonvolatile  PZT  thin  films, 
high  drive  hard  PZT  multilayer  actuators,  and  Pb(Mg,/3Nb;.,3)03: 
PbTiOj  materials.  We  hope  that  investigators  in  these  fields 
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find  these  observations  useful  toward  solving  degradation  and 
fatigue  problems  in  these  technically  important  areas. 

IV.  Summary  and  Conclusions 

We  determined  the  origin  of  a  surprising  observation  of  gas 
evolution  at  the  surface  of  PZT  ceramics  under  ac  driving.  The 
proposed  electrochemical  reaction  is  based  on  the  superoxida¬ 
tion  process,  and  the  associated  defect  chemistry  equations  have 
been  suggested.  It  was  predicted  that  oxygen  gas  would  be 
released  from  the  materi^  with  the  injection  of  electrons.  The 
existence  of  oxygen  was  confirmed  by  using  gas  chromatogra¬ 
phy.  In  addition,  the  ferroelectric  and  dielectric  behavior  during 
oxygen  evolution  was  followed.  The  results  imply  a  reduction 
in  p-type  conductivity  with  continuing  ac  driving.  Eventually, 
the  accumulation  of  oxygen  vacancies  near  the  surface  caused 
physical  damage  to  the  material,  which  was  evident  by  small 
black  spots  on  the  sample  surface.  This  degradation  mechanism 
is  potentially  important  for  PZT  thin  films  or  high  drive  PZT 
actuators. 
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The  Effect  of  Growth  Conditions  on  the  Dielectric  Properties  of 
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Abstract 

The  effect  of  growth  conditions  on  the  dielectric  properties  and  ferroelectric  transition  of 
perovskite  Pb(Zni/3Nb2/3)03  single  crystals  was  examined.  Crystals  were  grown  by  the  flux 
technique  using  PbO  as  a  self  flux.  Increased  cooling  rate  and  soaking  temperature  resulted  in  a 
decreased  Zn/Nb  ratio,  and  corresponding  increased  temperature  of  the  maximum  dielectric 
constant  (Tmax  ),  and  decreased  room  temperature  values  of  the  dielectric  constant  and  loss. 
Different  crystal  colors  and  quality  were  also  associated  with  the  various  growing  conditions. 
Although  dielectric  properties,  domain  stability  after  poling,  and  associated  piezoelectric 
properties  are  a  function  of  Tmax  ,  it  was  shown  that  crystal  quality  was  critical  for  the  observed 
variation  in  these  properties.  [KEYWORDS^  relaxor  ferroelectrics,  crystal  growth, 
Pb(Zni/3Nb2«)03,  nonstoichimetry,  phase  transition] 
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1.  Introduction 

Pb(Zni/3Nb2/3)03  (PZN)  is  a  prototypical  relaxor  ferroelectric  which  undergoes  a  diffuse  phase 
transition  around  140°C.‘^  Macroscopic  lattice  distortion  with  rhombohedral  symmetry  can  be 
observed  at  room  temperature  due  to  the  high  transition  temperature  of  PZN?’^^  In  spite  of  the 
observed  lattice  anisotropy,  as-grown  PZN  crystals  do  not  show  ferroelectric  macrodomains. 
However  PZN  switches  into  a  stable  ferroelectric  macrodomain  state  with  the  application  of  an  E- 
field,  effectively  exhibits  piezoelectric  characteristics.^^  High  dielectric  and  piezoelectric 
properties  were  reported  for  PZN  and  Pb(Zni/3Nb2/3)03  -  PbTi03  (PZN-PT)  single  crystals, 
making  them  promising  candidates  for  various  transducer  applications. 

It  is  known  that  perovskite  PZN  or  PZN-PT  with  low  PT  content  can  not  be  prepared  by 
conventional  solid  state  reaction.  The  reason  for  this  phase  instability  has  been  investigated  from 
both  the  viewpoints  of  crystal  chemistry  and  thermodynamics  However,  crystals  of  PZN 
and  PZN-PT  can  be  readily  grown  using  the  high  temperature  flux.  To  date,  however,  few  studies 
correlating  the  dielectric  and  piezoelectric  properties  as  a  function  of  growth  conditions  for  the 
materials  have  been  reported,  particularly  with  respect  to  nonstoichimetric  variations. 

It  is  the  purpose  of  this  study  to  report  the  variation  of  chemical  composition,  dielectric  and 
ferroelectric  properties  as  a  function  of  growth  conditions.  PZN  rather  than  PZN-PT  was  selected 
to  eliminate  the  possibility  of  property  and  compositional  variations  caused  by  the  change  in 
solute  concentration  and  ionic  valence  of  Ti^^. 

2.  Experimental  Procedure 

2.1  Crystal  growth 

PZN  crystals  were  grown  using  the  high  temperature  flux  technique.  High  purity  (>99.9%) 
powders  of  Pb304  (Aldrich,  WI),  ZnO  (Johnson  Matthey,  MA),  and  NbaOs  (Aldrich,  WI)  were 
used.  Raw  powders  were  mixed  and  loaded  into  a  30cc  Pt  crucible.  The  Pt  crucible  was  then 
placed  in  an  alumina  crucible  which  was  sealed  with  an  alumina  lid  and  alumina  cement  to 
minimi7.p.  PbO  volatilization.  The  crucible  and  powder  were  then  placed  in  a  furnace  and  held  at 
a  soak  temperature  of  1 150  to  1200°C  for  10  hrs,  followed  by  cooling  at  a  rate  of  l°C/hr  to  5°C/hr 
down  to  900°C.  The  crucible  was  then  furnace-cooled  to  room  temperature.  The  flux  was 
leached  out  with  hot  HNO3  (20%)  and  the  crystals  removed  for  characterization.  These  growing 
conditions  were  determined  based  on  several  preliminary  experiments  including  differential 
thermal  analysis.  Further  details  concerning  the  crystal  growth  can  be  found  in  ref  1 1 . 

2.2  X-ray  diffraction  (XRD)  and  chemical  analysis 

Single  crystals  were  ground  into  a  fine  powder  for  XRD  analysis  ranging  from  20“  -  80“  20 
with  a  step  size  of  0.01  and  a  counting  time  of  3  sec.  Individual  crystals  were  oriented  along  their 
polar  axis  <1 1 1>  using  a  Laue  back  reflection  camera.  Crystals  were  chemically  analyzed  using 
inductively  coupled  plasma  spectrophotometer  (ICP,  Leeman  Labs  PS30000UV).  To  determine 
reproducibility,  chemical  analysis  was  performed  at  least  twice  with  different  crystals  from  the 
same  batch.  The  detection  limit  was  ~  80ppm  due  to  the  low  solute  concentration  caused  by  the 
inherent  difficulty  in  dissolving  niobate  crystals.  Nonstoichiometry  with  the  crystal  growth  was 
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observed  mainly  associated  with  B-site  cation  variation,  as  crystals  were  grown  in  the  PbO  self 
flux. 

2.3  Electrical  characterization  -  polarization  and  dielectric  properties 

For  electrical  characterization,  samples  were  then  prepared  by  polishing  with  silicon  carbide 
and  alumina  polishing  powders  to  achieve  flat  and  parallel  surfaces  onto  which  gold  electrodes 
were  sputtered.  Samples  were  rectangular  plates  with  the  thickness  ranged  from  0.2  to  0.5  mm 
and  edge  to  thickness  ratio  >  10.  To  determine  reproducibility,  all  dielectric  and  piezoelectric 
measurements  were  performed  with  at  least  three  different  crystals  for  each  grown  batch. 
Polarization  vs.  E-field  behavior  was  measured  at  0.2  Hz  using  a  computer  controlled  Sawyer 
Tower  system.  During  testing,  the  samples  were  submerged  in  Fluorinert  (FC-40,  3M,  St.  Paul, 
MN),  an  insulating  liquid  to  prevent  arcing.  For  piezoelectric  measurements,  crystals  were  poled 
by  applying  either  lOkV/cm  at  room  temperature  or  by  field  (lOkV/cm)  cooling  from  200®C.  The 
piezoelectric  coefficient  (das)  was  measured  using  daa  meter  (Institute  of  acoustics.  Academia 
Sinica).  The  dielectric  properties  were  determined  with  multifrequency  LCR  meters  (Hewlett 
Packard  4274A  and  4275A)  in  conjunction  with  a  computer  controlled  temperature  chamber 
(Delta  Design  Inc.,  Model  MK  2300)  over  the  frequency  range  of  lOOHz,  IkHz,  lOkHz  and 
lOOkHz. 

3.  Results  and  Discussion 

3.1  Crystal  growth  and  stoichiometry 

Table  1  summarizes  the  various  conditions  used  for  the  growth  of  three  different  PZN  crystals. 
XRD  patterns  of  the  various  crystals  are  shown  in  Fig.  1.  All  crystals  were  found  to  be  phase 
pure  perovskite  with  rhombohedral  symmetry  (a=4.056  (±0.001)  A  and  a=89°55'). 
Rhombohedral  distortion  (a)  was  determined  from  the  peak  split  observed  in  the  {220}  peaks  in 
Fig.  2.  Lattice  constants  of  the  crystals  were  foimd  to  be  not  significantly  different  as  a  function 
of  growth  condition. 

As  presented  in  table  1,  growth  parameters  remained  constant  for  the  growth  runs  of  P23^-A 
and  PZN-B  with  the  exception  of  the  cooling  rate.  A  flux  to  composition  molar  ratio  of  70:30 
and  a  soak  temperature  of  1150®C  eis  determined  by  preliminary  DTA  analysis  were 
employed.  Cooling  rates  were  5°C/hr  and  l°C/hr  for  run  PZN-A  and  PZN-B,  respectively.  For 
PZN  crystals  obtained  from  growth  run  PZN-A  and  those  from  growth  run  PZN-B,  crystal  size 
was  not  significantly  different.  This  indicates  that  the  variation  in  cooling  rate  from  1  to  5®C/hr 
does  not  significantly  affect  the  nucleation  behavior  with  a  soak  temperature  of  1150®C.  This 
would  occur  if  the  majority  of  nucleation  occurred  on  heterogeneous  sites  such  as  the  crucible 
wall.  However,  the  chemical  composition  was  found  to  be  dependent  on  the  cooling  rate  as 
presented  in  table  2.  Nonstoichiometry  in  Pb-based  compounds  is  usually  the  result  of  Pb 
volatilization,  which  results  in  Pb  vacancies  on  the  A-site  In  this  study,  crystals  were  grown 
under  a  Pb-rich  condition  using  PbO  as  a  self  flux.  Therefore,  it  was  expected  that  the  observed 
nonstoichiometiy,  if  any,  would  be  caused  by  the  compositional  variation  of  the  B-site  cations.  In 
table  2,  the  Pb  content  did  not  change  significantly  with  growth  conditions  whereas  the  variation 
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in  the  Zn/Nb  ratio  was  observed,  bicreased  cooling  rate  resulted  in  a  decreased  Zn/Nb  ratio  to 
decrease  (PZN-A  and  PZN-B  in  table  2).  The  different  cooling  rate  and  subsequent  growth  rate 
changes  may  have  affected  the  composition  at  the  boundary  layers  on  the  crystal.  Additional 
investigations  as  to  the  actual  origin  of  the  compositional  variation  are  required. 

Crystals  grown  with  the  flux  to  composition  ratio  of  60:40  (designated  PZN-C  (table  2)) 
required  an  increase  in  soak  temperature  to  1200“C.  As  can  be  seen  in  table  1,  the  decreased 
fluxrcomposition  ratio  resulted  in  relatively  increased  size  of  the  PZN  crystals.  This  could  be 
ascribed  to  the  increased  temperature  range  of  crystallization  for  PZN  (PZN  +  liquid).  In  contrast 
with  the  PZN-B  crystals  grown  at  a  cooling  rate  of  l°C/hr,  the  PZN-C  crystals  also  showed 
decreased  Zn/Nb  ratio.  In  this  case,  the  higher  soaking  temperature  may  have  been  responsible 
for  a  Zn-deficient  composition  owing  to  the  volatilization  of  Zn-rich  phase.  The  l^C/hr  cooling 
also  efficiently  allows  the  batches  to  stay  at  a  higher  temperature  longer  inducing  more 
volatilization  of  Zn-rich  phase. 

The  color  of  the  crystals  varied  significantly  with  respect  to  growing  conditions,  as  presented 
in  table  1.  PZN-A  crystals  were  colorless  whereas  PZN-B  crystals  were  slightly  yellow,  and 
PZN-C  crystals  dark  brown  for  both  as-grown  crystals  and  dielectric/piezoelectric  measurement 
samples  (thickness  0.2  to  0.5  mm).  One  possible  explanation  of  coloration  is  the  role  of  defects 
involved  with  oxygen  vacancies  or  interstitials  both  of  which  are  common  in  perovskite  crystals. 

However,  direct  inspection  such  as  high  temperature  annealing  in  order  to  check  tlmt 
possibility  could  not  be  employed  because  perovskite  PZN  crystal  transforms  into  pyrochlore. 
Figure  3  utilizes  XRD  to  demonstrate  the  decomposition  of  PZN  crystal  powder  annealed  for  2hrs 
at  the  temperatures  of  500°C,  700°C,  900°C,  and  1050°C  in  the  air.  Transformation  to  the 
pyrochlore  phase  were  initiated  at  only  2hr  annealing  at  temperatures  of  700°C  with  100% 
pyrochlore  phase  after  2hr  annealing  at  1050°C.  This  confirmed  the  perovskite  phase  instability 
without  the  presence  of  the  PbO  flux. 

Another  possible  explanation  of  coloration  is  the  role  of  impurities  caused  by  the  reaction 
between  the  solution  and  crucible  at  high  temperature.  However,  no  impurities  such  as  Pt  could 
be  found  within  the  detection  limit  of  ICP  as  presented  in  table  2.  Additional  studies  are  required 
to  investigate  the  origin  of  the  coloration. 

3.2  Dielectric  and  polarization  behavior 

One  of  the  direct  effects  of  compositional  variation  on  the  dielectric  properties  of  retoj 
ferroelectrics  is  the  shift  of  the  temperature  where  the  dielectric  constant  is  maximum  (Tmax). 

Figure  4  shows  the  temperature  dependence  of  dielectric  constant  for  the  various  PZN 
crystals.  Tmax  of  the  PZN  crystals  was  found  to  be  dependent  on  composition  as  shown  m  Fig.  4. 
The  decreased  Zn/Nb  ratio  was  associated  with  an  increase  in  Tmax-  The  opposite  obe^ation, 
decreased  Tmax  with  decreased  Zn/Nb  ratio,  had  been  reported  by  Matsuo^’l  This  might  be 
ascribed  to  the  different  growth  conditions.  Faster  cooling  rate  (25°C.hr)  in  ref  17  might  be 
associated  with  the  second  phase  inclusions.  All  the  crystals  followed  the  quadratic  law,  1/K  ~ 
(T-Tmax  f  at  temperatures  higher  than  Tmax  •  Table  3  presents  the  Tmax  and  dielectric  constant  (K, 
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IkHz)  at  room  temperature.  PZN-B  crystals  showed  the  lowest  Tmax  (126°C,  IkHz),  the  room 
temperature  dielectric  constant  being  higher  than  both  P22^-A  and  PZN-C  crystals.  For  the  case 
of  as-grown  crystals,  higher  dielectric  loss  was  observed  with  PZN-B,  which  can  be  also  ascribed 
to  a  low  Tmax  •  All  the  PZN  crystals  exhibited  a  linear  dependency  of  1/Tmax  =  f  (In  co)  (co  : 
measuring  frequency)  as  observed  for  other  relaxor-ferroelectrics,  shown  in  Fig.  5.  The  frequency 
behavior  of  Tmax  for  PZN  crystal  in  ref.  3  is  compared,  ranging  between  those  of  PZN-A  and 
PZN-C.  However,  growth  conditions  could  not  be  directly  compared  due  to  the  lack  of  specific 
conditions  reported  in  the  literature.  It  could  be  found  from  the  slopes  in  Fig.  5  that  Tmax  was 
more  dependent  on  measurement  frequency  as  Tmax  decreases.  A  decrease  of  Tmax  would  induce 
the  increase  of  frequency-dependent  contributions  (reorientation  of  polar  regions)  to  polarization 
through  the  temperature  range  of  the  diffuse  phase  transition. 

Figure  6  shows  P  vs.  E  behavior  for  the  various  PZN  crystals  at  room  temperature.  Remnant 
polarization  (Pr)  and  coercive  field  (Ec)  are  reported  in  table  3.  An  increased  Curie  temperature 
(Tc ,  here  translated  into  Tmax  )  corresponds  to  an  increase  in  Pr  at  room  temperature.  PZN-C 
crystal  (Tmax  =  135°C,  IkHz)  exhibited  larger  Pr  than  PZN-B  (Tmax  =  126°C),  but  in  case  of  PZN- 
A  crystal  (Tmax  =  145®C),  small  Pr  was  observed  in  spite  of  highest  Tmax  among  the  crystals.  This 
may  be  ascribed  to  the  poor  crystal  quality  of  PZN-A,  probably  a  subsequence  of  relatively  fast 
cooling  rate  during  crystal  growth.  It  should  be  noted  that  mechanical  failure  happened  most 
frequently  during  the  sample  preparation  of  P2^-A  crystal.  Therefore,  it  could  be  said  that  the 
inferior  crystal  quality  of  PZN-A  is  responsible  for  low  Ps  in  spite  of  high  Tmax- 

3.3  Relaxor-ferroelectric  transition 

In  table  3,  decreased  dielectric  constant  (K)  and  loss  are  reported  for  the  poled  crystals. 
However,  the  ratio  of  Kpoied/Kvirgin  varied  from  ~0.75  (PZN-A)  to  ~0.4  (PZN-C).  The 
piezoelectric  coefficient  (dsa)  also  varied  from  values  as  low  as  ~10  pC/N  (PZN-A)  to  ~80  pC/N 
(PZN-B,  PZN-C).  The  low  value  of  dsa  for  (111)  oriented  PZN  crystals  was  also  reported  by 
Kuwata.  These  observed  low  values  of  das  are  belived  to  be  associated  with  domain  instability 
with  respect  to  crystal  orientation,  reported  elsewhere. 

It  has  been  suggested  that  as  grown  PZN  crystals  do  not  exhibit  a  macrodomain  state  before 
poling.  Therefore,  poling  of  PZN  crystals  can  be  also  translated  into  switching  of  the  relaxor 
state  to  macrodomain  state.  The  poled  crystals  transform  to  relaxor  with  the  increase  of 
temperature  at  Tfr  (ferroelectric-relaxor  transition  temperature).  The  Tfr  was  reported  to  be  ~  - 
60®C  and  ~  100°C  for  Pb(Mgi/3Nb2/3)03  and  PZN  relaxors  respectively.  For  transducer 
applications,  relaxor  based  crystals  should  stay  in  the  oriented  macrodomain  state.  Transition 
temperature  (Tfr)  of  ferroelectric-relaxor  implies  the  temperature  lirmt  of  the  oriented 
ferroelectric  macrodomain  state,  and  that  of  a  given  transducer  application.  Hence,  the  high  Tfr  is 
required  for  increased  temperature  stability  of  piezoelectric  properties. 

Figure  7  shows  the  dielectric  constant  as  a  function  of  temperature  with  heating  (no-field)  from 
room  temperature  to  210°C  for  poled  crystal.  An  abrupt  increase  of  the  dielectric  constant 
(indicated  by  arrow)  can  be  observed  for  PZN-B  and  PZN-C  crystals,  indicating  ferroelectric 
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(macrodomain)  -relaxor  transition.  Tfr’s  of  72°C  and  105°C  were  observed  for  PZN-B  and 
PZN-C  crystals,  respectively.  Different  Tfr  for  PZN-B  and  PZN-C  ciystals  is  due  to  the  free 
energy  variation  associated  with  the  different  Tmax  •  This  transition  was  not  observable  for  PZN- 
A  crystals  in  Fig.  7.  However,  ferroelectric-relaxor  transition  behavior  for  PZN-A  crystal  could 
be  observed  from  the  dielectric  loss  as  a  function  of  temperature  for  poled  crystals  (Fig.  8). 
Decreased  dielectric  loss  by  E-field  exposure  showed  an  abrupt  jump  at  Tfr  (indicated  by  arrow 
again)  but  Tfr  of  PZN-A  crystal  was  almost  same  as  that  of  PZN-C  in  spite  of  higher  Tmax  .  This 
behavior  may  be  also  ascribed  to  poor  domain  stability,  resulted  from  inferior  crystal  quality. 

4.  Conclusions 

The  dielectric  and  ferroelectric  behavior  of  PZN  crystals  grown  by  the  flux  technique  were 
determined  as  a  function  of  growth  conditions.  Increased  cooling  rate  and  soaking  temperature 
caused  the  Zn/Nb  ratio  to  decrease,  which  corresponded  to  a  shift  of  both  Tmax  and  ferroelectric- 
relaxor  transition  to  higher  temperatures  and  various  room  temperature  dielectric  constant  and 
loss. 

Crystal  quality  and  color  were  also  as  a  function  of  the  growing  condition.  Relatively  fast 
cooling  rate  (>5°C/hr)  may  have  associated  with  inferior  crystal  quality,  resulting  in  poor  domain 
stability  after  poling,  lower  piezoelectric  coefficient,  and  low  ferroelectric-relaxor  transition 
temperature. 
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Table  Caption 

Table  1  Growth  condition  of  flux  grown  PZN  crystals. 

Table  2  Compositional  analysis  of  PZN  crystals  using  ICP. 

Table  3  Dielectric  (IkHz)  and  E-field  induced  properties  of  PZN  crystals  (<1 1 1>  orientation)  at 
room  temperature. 

Figure  Caption 

Fig.  1  XRD  patterns  of  Pb(Zni/3Nb2/3)03  crystals. 

Fig.  2  {220}  reflections  in  XRD  patterns  of  Pb(Zni/3Nb2/3)03  crystals. 

Fig.  3  XRD  patterns  of  Pb(Zni/3Nb2/3)03  crystal  powder  after  heat  treatment  for  2  hr  at  (a) 
500*C,  (b)  700°C,  (c)  900°C,  (d)  1050°C. 

Fig.  4  Temperature  dependence  of  dielectric  constant  for  <11 1>  oriented  Pb(Zni/3Nb2/3)03 
crystals. 

Fig.  5  l/Tmax  as  a  function  of  In  f  for  Pb(Zni/3Nb2/3)03  crystals  (dot  line  form  ref.  3). 

Fig.  6  Polarization  as  a  function  of  electric  field  for  <1 1 1>  oriented  Pb(Zni/3Nb2/3)03  crystals. 

Fig.  7  Temperature  dependence  of  dielectric  constant  for  E-field  exposed  (10  kV) 
Pb(Zni/3Nb2/3)03  crystals  (heating  run,  <1 1 1>  orientation). 

Fig.  8  Temperature  dependence  of  dielectric  loss  for  E-field  exposed  (10  kV)  Pb(Zni/3Nb2/3)03 
crystals  (heating  run,  <1 1 1>  orientation). 
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Fig.  1 

Seung-Eek  Park,  Maureen  Mulvihiil,  George  Risch,  and  Thomas  R.  Shrout 
Desired  breadth  undetermined,  shrink  so  it  fits  and  is  clear  to  read 
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Fig.  2 

Seung-Eek  Park,  Maureen  Mulvihill,  George  Risch,  and  Thomas  R.  Shrout 
Desired  breadth  undetermined,  shrink  so  It  fits  and  is  clear  to  read 


Fig.  3 

Seung-Eek  Park,  Maureen  Mulvihill,  George  Risch,  and  Thomas  R.  Shrout 
Desired  breadth  undetermined,  shrink  so  It  fits  and  is  clear  to  read 


Fig.  4 

Seung-Eek  Park,  Maureen  Muivihiil,  George  Risch,  and  Thomas  R.  Shrout 
Desired  breadth  undetermined,  shrink  so  it  fits  and  is  clear  to  read 
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Ssung-Eck  Psrk,  Maurcsn  Mulvihill,  Gaorg©  Risch,  and  Thomas  R.  Shrout 
Desired  breadth  undetermined,  shrink  so  it  fits  and  is  clear  to  read 
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Fig.  6 

Seung-Eek  Psrk,  Msureen  Mulvihill,  George  Risch,  and  Thomas  R.  Shrout 
Desired  breadth  undetermined,  shrink  so  it  fits  and  is  clear  to  read 


Fig.  7 

Seung-Eek  Park,  Maureen  Mulvihill,  George  Risch,  and  Thomas  R.  Shrout 
Desired  breadth  undetermined,  shrink  so  it  fits  and  is  clear  to  read 
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Fig.  8 

Seung-Eek  Park,  Maureen  Mulvihill,  George  Risch,  and  Thomas  R.  Shrout 
Desired  breadth  undetermined,  shrink  so  it  fits  and  is  dear  to  read 


Table  1  Growth  condition  of  flux  grown  PZN  crystals. 


Growth  Run 

PZN-A 

PZN-B 

PZN-C 

Flux 

PbO  (Pb304) 

PbO  (Pb304) 

Pb0(Pb304) 

Flux:Composition 

7:3 

7:3 

6:4 

Soakiog  Temperature  (‘^C) 

1150 

1150 

1200 

Soaking  Time  (hr) 

10 

10 

10 

Cooling  Rate  C*C/hr) 

5 

1 

1 

Crystal  Color 

Colorless 

Light  Yellow 

Brown 

Maximum  Crystal  Size  (cm) 

0.5 

0.5 

1 

Seung-Eek  Park  et  al. 

Desired  breadth  undetermined,  shrink  so  it  fits  and  is  clear  to  read. 


Table  2  Composition  analysis  of  PZN  crystals  using  ICP  (wt%). 


PZN-A 

PZN-B 

PZN-C 

PZN* 

mM 

59.5 

59.9 

59.9 

61.1 

mm 

5.5 

5.8 

5.7 

6.4 

HSjH 

20.2 

19.3 

20.7 

18.3 

0.27 

0.30 

0.28 

0.35 

pt 

n.  d.** 

n.  d. 

n.  d. 

*  expected  for  Pb(Zni/3Nb2/3)03 
**  not  detected,  detection  limit  80  ppm. 


Seung-Eek  Park  et  al. 

Desired  breadth  undetermined,  shrink  so  it  fits  and  is  clear  to  read. 


Table  3  Dielectric  (IkHz)  and  E-field  induced  properties  of  PZN  crystals  at  room  temperature. 


(virgin) 

loss 

(virgin) 

Aer 

(poled) 

loss 

(poled) 

(’C) 

Pr 

(fiC/cnt‘) 

Ec 

(kV/cm) 

dss 

(pC/N) 

PZN-A  (colorless) 

3490 

0.054 

2540 

0.047 

145 

39700 

18 

4.6 

10 

PZN-B  (light  yellow) 

5350 

0.066 

2980 

0.013 

126 

44600 

30 

4.0 

88 

PZN-C  (dark  brown) 

3140 

0.052 

1260 

0.0185 

135 

57000 

42 

3.6 

86 

Seung-Eek  Park  et  al. 

Desired  breadth  imdetermined,  shrink  so  it  fits  and  is  clear  to  read. 
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A  chemical  precipitation  method  was  developed  for  synthe¬ 
sis  of  typical  reiaxor  compounds — ^Pb(Mg,/3Nb2/3)03  (PMN), 
Pb(Fe,/2Nb,/,)03  (PFN),  and  PbCSCi^Nb  1/2)03  (PSN)— from 
nitrate  solutions.  To  obtain  a  niobium  precursor  compatible 
with  the  aqueous  chemical  routes,  peroxo-niobium  complex 
solutions  were  prepared  by  dissolving  hydrated  niobia  pre¬ 
cipitates  in  a  dilute  nitric  acid  solution  with  hydrogen  per¬ 
oxide.  Powders  that  consisted  of  small  particles  ranging 
from  20  to  40  nm  were  successfully  precipitated  from  the 
mixed  nitrate  solutions  by  hydrolysis  with  aqueous  ammo¬ 
nia  solutions.  On  calcination,  these  powders  were  highly 
reactive.  For  example,  PMN  precursor  powder  began  to 
crvstallize  simultaneously  to  cubic  pyrochlore  and  perov- 
skite  phases  at  -400"C  and  yielded  -95  of  the  perovskite 
phase  after  calcination  at  800®C  for  1  h.  PFN  and  PSN 
precursor  powders  calcined  under  similar  conditions 
formed  single  perovskite  phases. 

1.  Introduction 

Recently,  lead  magnesium  niobate-  {Pb(Mg,/3Nb2/3)03, 
PMN)  based  ceramics  prepared  from  mixed  oxides  by  hot 
isostatic  pressing'  have  been  investigated  for  possible  use  in 
eiectrooptic  applications.  Lead  scandium  niobate  titanate 
(PSNT)  ceramics  fabricated  by  advanced  process  technology 
have  larger  electromechanical  coupling  factors  than  that  of  lead 
zirconate  titanate  (PbZro.33Tio.47O3)*  indicating  that  the  former 
are  suitable  candidates  for  electromechanical  bulk  transducers.* 
The  eiectrooptic  and  other  dielectric  propenies— such  as  purity, 
stoichiometry,  pyrochlore  phase  content,  and  grain  size-— of  the 
final  ceramics  depend  on  variables  related  to  several  processes. 
The  most-reported  powder-processing  method  for  relaxors  is 
the  calcination  of  mixed  oxides,  or  the  columbite  method,-^ 
using  solid-state  techniques.  Some  problems  that  have  occurred 
are  the  dispersability  and  reactivity  of  magnesium  oxide  pow¬ 
der,  residual  pyrochlore  phase,  and  lead  oxide  volatilization  at 
high  temperature. 

In  general,  chemical  powder  processing  is  an  excellent  tech¬ 
nique  for  synthesizing  high-purity  multicomponent  materials, 
because  it  offers  good  chemical  homogeneity  at  the  nanometer 
scale.  The  chemical  synthesis  for  reiaxor  powders  containing 
niobium,  however,  has  been  limited  by  the  availability  of  inex¬ 
pensive  niobium  precursors  that  are  compatible  with  chemical 
routes.  Powders  prepared  from  alkoxides  by  sol-gel  methods 
crystallize  to  70%  of  the  perovskite  phase  at  300®C,^  and  to 
100%  perovskite  at  1\5°C  and  775°C.^  Low  calcination  tem¬ 
perature  is  of  industrial  importance  to  fabricate  high-quality 
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and  low-cost  ceramics.  However,  the  raw  materials  for  sol-gel 
processing  are  rather  expensive  and  normally  handled  under  a 
specially  controlled  environment.  Barium  ethoxide  precursor  is 
used  in  the  preparation  of  barium  titanate  and  is  an  extremely 
moisture-sensitive  material.  Therefore,  the  relative  merits  ^d 
problems  associated  with  synthesis  using  barium  hydroxide, 
barium  oxide,  and  barium  metal  are  discussed.^ 

Lower-cost  and  simpler  processes  could  be  possible  involv¬ 
ing  aqueous  methcxis  by  the  use  of  niobium  hydrogen  oxalate,  a 
water-soluble  material.  In  this  study,  peroxo-niobium  complex 
solutions  as  a  niobium  precursor  were  prepared  from  niobium 
hydrogen  oxalate.  Several  reiaxor  powders  were  prep^ed  from 
mixed  nitrate  solutions  by  precipitation  methods  using  these 
niobium  precursors  and  other  inorganic  nitrates. 

n.  Experimental  Procedure 

(1 )  Preparation  of  Niobium  Precursor  Solution 

The  solubility  of  metal  oxalates  in  water  sttongly  depends  on 
solution  acidity.  By  acidifying  with  nitric  acid,  a  clear  aqueous 
precursor  solution  for  PMN  can  be  prepared  from  lead  and 
magnesium  nitrates  and  niobium  oxalate  (Nb(HC204)5*/zH20, 
Soekawa  Chemical  Co.,  Ltd.,  Japan).  However,  coprecipitation 
of  the  clear  solution  by  hydrolysis  with  aqueous  ammonia  solu¬ 
tions  is  restricted  by  preferential  precipitation  of  lead  oxalate. 
Thus,  oxalate-free  niobium  precursor  solutions  were  prepared 
from  aqueous  niobium  oxalate  solutions  by  hydrolysis  wiA 
aqueous  ammonia  solutions.  The  resulting  hydrated  niobia 
(25  g)  was  collected  by  a  centrifuge  (4(XX)  rpm),  removed,  and 
dispersed  in  500  mL  of  O.lAf  aqueous  ammonia  solution  to 
remove  oxalic  ions.  Again,  centrifugally  collected  compacts 
were  rinsed  with  a  small  amount  of  water,  removed,  and  ultra- 
sonically  dispersed  in  900  mL  of  O.IM  nitric  acid  solution  with 
hydrogen  peroxide.  The  slurry  was  stirred  by  magnetic  stirrer 
overnight  until  a  clear  solution  was  obtained.  Niobium  concen¬ 
tration  in  the  precursor  solutions  was  determined  by  quantita¬ 
tive  chemical  analysis. 

The  addition  of  hydrogen  peroxide  promoted  the  solubility 
of  the  hydrated  niobia  in  O.lAf  nitric  acid  solution  and  short¬ 
ened  the  required  time  for  dissolution.  The  appropriate  amount 
of  hydrogen  peroxide  to  attain  an  acceptable  hydrogen  peroxide: 
niobium  molar  ratio  was  found  to  be  1.0  to  10.0.  Clear,  yellow- 
colored  solutions  were  obtained,  indicating  that  niobium 
hydroxide  converted  to  peroxo-niobium  complexes.  The  cornpo- 
sition  of  the  precipitates  from  the  niobium  precurs()r  solutions 
by  hydrolysis  was  characterized  by  powder  X-ray  diffractome- 
tiy(XRD). 

(2 )  Preparation  of  Powders  and  Characterization 

Precursor  solutions  of  0.049M  PFN  (Pb(Fe,/2Nb|,;)03)  and 
0.030M  PSN  (Pb(Sc,.Nb,/2)03)  were  prepared  by  mixing  nio¬ 
bium  precursor  solutions  with  lead  nitrate  and  the  correspond¬ 
ing  nitrates  (Mg(N03)2'6H20  (99.0%),  Pb(N03)2  (99.5%). 
Koso  Chemical  "Co..  Ltd.,  Japan;  Sc(N03)3-4H20  (99.9%), 
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R  niuate  ^  Niobium  precursor  j  [^Lead  nitrate 

[  PRN  precursor  solution  J  pH  0.5  - 1.9 

1 

( 

Hydrolysis 

pH9-ll 

[  Precipitate 

Wash  and  dry 

Calcination 

) 

PRN  powder 

Fig.  1.  Flow  diagram  of  preparation  of  PRN  (R  =  Mg,  Fe.  Sc)  pow¬ 
ders  by  precipitation  method. 


Soekawa  Chemical  Co.,  Ltd.,  Japan;  Fe(N03)3*9H20,  guaran¬ 
teed  reagent,  Wako  Pure  Chemical  Industries,  Ltd.,  Japan)  for 
the  precipitation  method  shown  in  Fig.  I .  The  hydrogen  perox¬ 
ide  content  in  the  niobium  precursor  solution  had  a  2.5  molar 
ratio  of  hydrogen  peroxide: niobium.  Hydrolysis  was  performed 
by  pouring  15 M  aqueous  ammonia  solution  into  1000  mL  of 
PFN  and  500  mL  of  PSN  precursor  solutions.  The  final  pH 
values  of  the  PFN  and  PSN  precursor  solutions  containing  the 
precipitates  were  10.2-1  l.O  and  9.1-10.4,  respectively.  Prelimi¬ 
narily  0.037Af  PMN  precursor  solution  also  was  hydrolyzed  by 
a  similar  method  and  magnesium  was  detected  in  the  filtrates 
by  precipitation  of  Mg2p207  with  (NH4)HP04  solution.  The 
magnesium  hydroxide  precipitate  was  partially  redissolved  in 
the  ammonium  nitrate  solution.  The  composition  of  the  precipi¬ 
tates  was  magnesium-poor.  Therefore.  PMN  powders  were  pre¬ 
pared  by  another  two-stage  hydrolysis  method,  as  shown  in 
Fig.  2,  1000  mL  of  0.0374/  lead  nitrate  precursor  solution  was 
hydrolyzed  with  15Af  aqueous  ammonia  solution.  The  precipi¬ 
tate  was  filtered,  washed  with  400  mL  of  water  and  ultrasoni- 
cally  dispersed  in  500  mL  of  water  with  magnesium  nitrate. 
The  slurry  was  again  hydrolyzed  with  154/  aqueous  ammonia 
solution.  Finally,  all  precipitates  were  washed  with  300  mL  of 
water  and  then  dried  at  80®C  for  12  h. 

As-dried  powders  were  characterized  by  scanning  electron 
microscopy  (SEM)  (Model  JSM-6300F,  JEOL,  Tokyo.  Japan), 
X-ray  diffractometry  (XRD,  Cu/fa  radiation)  (Geigerfiex  SG-9. 
Rigaku.  Japan),  and  thermogravimetric  analysis  and  differential 
thermal  analysis  (TGA-DTA)  (Thermofiex,  TG-DTA  8I12H, 


(^Lcad  nitrate  j  ^ 

Niobium  precursor  J 

^  PN  precursor  solution  J  pH  0.8  ^  i  .9 

Hydrolysis 

1  pH  11 

1 

^  Precipitate^ 

Washing 

^Magnesium  nitrate^ 

[  Slurry  ^ 

P 

F 

Hydrolysis 

Wash  and  dry 

Calcination 

[  PMN  powder  J 

Fig.  2.  Flow  diagram  of  preparation  of  PMN  powder  by  two-step 
hydrolysis  method. 


Rigaku.  Japan).  About  SO  mg  of  as-dried  powders  were  placed 
into  a  platinum  holder  and  measured  at  a  heating  rate  of 
10°C/min  in  air  with  alumina  powder  as  a  reference.  100  mg  of 
as-dried  powder  were  dissolved  in  mixed  hydrochloric  and 
nitric  acid  solutions,  and  the  cation  ratios  were  analyzed  by 
inductively  coupled  plasma  atomic  emission  spectroscopy 
(ICP-AES)  (SPS-1100.  Seiko  Electronic  Co.,  Japan).  For 
calcinating,  an  electric  furnace  was  allowed  to  equilibrate  at  the 
desired  calcinating  temperature  (400®-800°C).  1  g  of  as-dried 
powder  was  heated  in  the  furnace  for  1  h.  The  relative  content 
of  perovskite  and  pyrochlore  phases  for  the  calcined  powders 
was  determined  from  the  relative  intensities  of  the  (110)  perov¬ 
skite  peak  and  (222)  pyrochlore  peak. 

III.  Results  and  Discussion 

The  niobium  precursors  prepared  with  hydrogen  peroxide 
were  clear,  yellow  solutions,  with  niobium  existing  as  peroxo- 
complex  ions.  Peroxo-cation  Nb(OH)4(H202)‘*‘,  peroxo-anion 
NbOifO-Oj)',  and  peroxo-niobic  acid  (HNb04*rtH20)  were 
reported.**  However,  further  investigation  is  needed  to  determine 
whether  such  peroxo-complex  ions  are  present  in  our  niobium 
precursor  solutions.  The  niobium  precursor  solutions  were  pre¬ 
pared  with  a  maximum  niobium  content  of  3.2  g/L  of  Nb^O,.  a 
hydrogen  peroxideiniobium  molar  ratio  of  3.0.  When  the  hydro¬ 
gen  peroxide:niobium  molar  ratio  exceeded  5.  precipitates  from 
the  precursors  by  hydrolysis  changed  in  composition  and  phase 
from  a  gel  to  a  cry'stalline  ammonium  pcrorthoniobaie 
((NH4)3NbOs).  However,  when  the  solution  was  mixed  first 
with  an  aqueous  solution  of  lead  nitrate  and  then  hydrolyzed, 
the  cry'stalline  ammonium  perorthoniobate  was  not  formed.  The 
niobium  precursor  with  a  hydrogen  peroxiderniobium  molar 
ratio  of  2.5  was  used  for  the  present  powder  processing. 

XRD  analysis  revealed  that  the  yellow  precipitates  obtained 
by  the  two  methods  from  the  PMN.  PFN.  and  PSN  precursor 
solutions  were  all  amorphous.  When  lead  nitrate  was  hydrolyzed 
separately,  white,  cry'stalline  Pb3(N03)(OH)5  precipitated  from 
the  aqueous  solution  in  the  pH  range  of  9-1 1,**  and  white,  cry'stal¬ 
line  Pb(N03)OH  (Ref.  10)  and  Pb7(N03)4(OH),o  (Ref.  10)  pre¬ 
cipitated  from  nitric  acid  solutions  in  the  pH  range  of  6-10. 
On  addition  of  hydrogen  peroxide  to  the  solution  prior  to  hydrol¬ 
ysis,  a  fine,  reddish-yellow,  amorphous  precipitate  (3PbO* 
2Pb02*3H20)  was  obtained  as  a  result  of  oxidation  of  the  cry  s¬ 
talline  lead  hydroxides.'*  The  hydrogen  peroxide  introduced 
from  the  niobium  precursor  oxidized  the  ctystalline  lead 
hydroxides  that  precipitated  from  the  mixed  nitrate  solutions 
by  hydrolysis. 

This  oxidation  changed  the  lead  hydroxide  to  higher  lead 
oxide  compounds.  These  higher  lead  oxides  were  smaller  and 
less  adhesive  than  those  of  lead  hydroxide  precipitates,  because 
reducing  hydroxo  groups  in  the  hydroxide  precipitate.  It  is 
favorable  for  obtaining  a  homogeneous  distribution  of  lead  in 
mixed-hydroxide  precipitates. 

SEM  observation  showed  that  all  as-dried  powders  consisted 
of  agglomerates  of  small  particles  ranging  in  diameter  from  20 
to  40  nm  (Fig,  3).  ICP  analyses  of  as-dried  powders  are  shown 
in  Table  1.  The  results  for  cation  ratios  of  as-dried  powders  were 
in  agreement  with  the  assumption  that  all  components  were 
precipitated  completelv  by  the  precipitation  methods. 

Figure  4  illustrates  the  TGA  and  DTA  curves  of  as-dried 
powders.  The  TGA  curves  of  PMN,  PFN,  and  PSN  precursor 
powders  show  1 1%.  9.1%,  and  11%  weight  loss,  respectively, 
below  400®-450®C  because  of  the  physical  desorption  of  water 
trapped  inside  the  powders  and  dehydration  of  hydrated  precipi¬ 
tates  with  endothermic  effects  on  DTA  curves.  TTie  endothermic 
peak  at  357°C  for  as-dried  PMN  precursor  powder  is  due  to 
dehydration  of  magnesium  hydroxide.  An  XRD  analysis  was 
performed  for  as-dried  PMN  precursor  powders  heated  in  the 
TGA-DTA  apparatus  before  and  after  the  exothermic  peak  at 
462®C.  The  XRD  pattern  of  the  powder  before  the  peak  shows 
only  a  broad  peak  around  26  =  29®;  both  pyrochlore  and 
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Fig.  3.  SEM  photographs  of  a.s-dried  powders. 


perovskiie  phases  are  detected  in  the  XRD  pattern  of  the  pow¬ 
der  quenched  from  temperature  after  the  peak.  The  exotherm 
essentially  represents  cr>’Stallization.  because  ot  little  weight 
change  in  the  relevant  temperature  range.  The  PFN  precursor 
powder  also  has  a  similar  sharp  exothermic  peak  for  crystalliza¬ 
tion  at  444®C.  The  main  crystalline  phase  is  perovskite.  The 
PSN  precursor  powder  has  a  broad  exothermic  peak  at  a  higher 
temperature  (520°C).  The  XRD  analysis  shows  that  the  broad 
exotherm  also  is  attributed  to  a  similar  cr\- stall ization. 

XRD  patterns  of  calcined  PMN.  PFN.  and  PSN  precursor 
powders  arc  shown  in  Figs.  5-7.  For  PMN  precursor  powder, 
both  cubic  pyrochlore  and  perovskite  phases  with  broad  peaks 


Fig,  4.  TGA  and  DTA  curves  of  as-dried  PMN,  PFN.  and  PSN  pre¬ 
cursor  po%v  ders. 


appeared  simultaneously  at  41(fC.  The  broad  peaks  ot  each 
phase  indicated  that  veiy'-small-sizcd  crystallites  were  formed 
in  the  tine  powders.  For  conventional  mixed-oxide  powders,  the 
formation  of  the  perovskite  phase  followed  the  formation  of 
pvrochlore  compounds;  initially,  lead  niobium  compounds  (e.g., 
2PbO*Nb.O,-3PbO  Nb>0<“  and  iPbO  NbA-^PbO  Nb.O^'-) 
were  form“ed.  and.  then,  from  700^  to  S(K)°C.  intermediate  prod¬ 
ucts  (C.2..  2{Pb  ..\lg,M,5)0*NbA-3(Pb„.,.MgooH)0*Nb:0<," 
5(Pb,  ...M2.)0*2.NbA  (r  0.02).*’  Pb,  siNb, -,Mg„:.,0^ 
and  Pb:(-Mg„2,Nb  were  fomied  by  the  reaction  of 

the  lead  niol^ium  compounds  with  magnesium  oxide.  Such  low- 
cry  stall  ization  temperatures  as  462°C  on  DTA  curves  ot  as-dried 
powders  and  4 1  O' C  on  XRD  patterns  of  calcined  powders  sug¬ 
gest  that  the  powders  prepared  chemically  are  highly  reactive 
and  composiiionaiiy  homogeneous.  Fukui  ct  al.^  reported  the 
Nimultaneous  formation  of  cubic  pyrochlore  and  perovskiie 
phases  at  a  low  temperature  for  powders  prepared  by  the  sol- 
gel  method.  Structures  of  precipitate  nuclei  occurred  in  aqueous 
or  organic  solutions  should  intluence  the  direct  tormation  ot  the 
perovskite  phase  from  the  precursor  powders.  At  700X,  the  pyro¬ 
chlore  phase  decreased  and  sharp  perovskite  peaks  appeared. 
The  ratio  of  the  perovskite  phase  was  95.09^  at  800®C. 

The  perovskite  was  easily  formed  at  lower  temperatures  for 
both  PFN  and  PSN  precursor  powders.  They  showed  the  torma¬ 
tion  of  single  perovskite  pha.ses  at  800°C.  The  relative  ease  of 
formation  of  perovskites  follows  the  sequence  PFN  >  PSN  > 
PMN.  The  thermodynamic  nature  and  reaction  kinetics  should 
be  considered  in  the  formation  of  perovskite  from  powders.*^ 
The  major  reaction  kinetic  parameters— such  as  grain  size, 
chemical  homogeneity  of  components,  and  purity— are  retined 
in  these  chemically  prepared  powders.  Therefore,  the  sequence 
mentioned  above  reflects  mainly  the  thermodynamic  effects 


Table  L  Chemical  Analysis  of  As-Dried  Pow  ders 


PMN 

PFN 

PSN 

Element 

Calculated 

Measured 

Element 

Calculated 

Measured 

Element 

Calculated 

Measured 

Lead 

Magnesium 

Niobium 

1.0 

0.33 

0.66 

l.OO  0.0 1 
0.33  r  0.01 
0.66  =  O'.OI 

Lead 

Iron 

.Niobium 

1.0 

0.5 

0.5 

1.00  r  O.Ol 
0.50  r  0.0 1 
0.50  =:  0.01 

Lead 

Scandium 

Niobium 

LO 

0.5 

0.5 

1.00  ±  0.01 
0.50  ±  0.01 
0.50*0.01 
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Fig.  5.  XRD  patterns  of  calcined  PMN  powder:  (A)  400°.  (B)  410°. 
(C)  500°.  (D)  600°.  (E)  700°.  and  (F)  800°C  ((O)  perovskite  and 
(•)  pyrochlore). 
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Fig.  7.  XRD  patterns  of  calcined  PSN  powder;  (A)  as>dried.  (B)  400°. 
(C)  500°.  (D)  600°.  (E)  700°.  and  (F)  800°C  ((O)  perovskite  and 
(•)  pyrochlore). 


on  the  formation  of  perovskite.  From  synthesis  of  perovskite 
Pb(Zn,/,Nb2/3)03,  it  was  concluded  by  Matsuo‘S’  that  covalently 
bound  with  fourfold  coordination  does  not  adapt  to  per¬ 
ovskite  structure,  where  the  B-sile  cation  is  sixfold  coordinated. 
Thus,  ionic  bond  M-0  with  sixfold  coordination  stabilizes 
the  perovskite  structure.’'’  ''’  From  electrostatic  considerations. 


o 
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Fig.  6.  XRD  patterns  of  calcined  PFN  powder;  (A)  as-dried.  (B)  400°. 
(C)  500°.  (D)  600°,  (E)  700°.  and  (F)  800°C  ((O)  perovskite  and 
(•)  pyrochlore). 


trivalent  ions  Fe^*  and  Sc^*  construct  a  more-ionic  perovskite 
structure  than  does  divalent  Mg**.  That  the  Fe^*  ion  is  smaller 
than  the  Sc^*  ion  also  is  favorable  for  strengthening  the  electro¬ 
static  efforts.  The  perovskite  constructed  from  the  ionic  compo¬ 
nents  can  be  stabilized  relative  to  the  pyrochlore  structure. 
However,  some  processing  parameters  should  be  considered  in 
case  of  PMN.  The  magnesiuminiobium  ratio  in  PMN  is  smaller 
than  that  of  PFN  or  PSN,  so  an  inhomogeneous  magnesium 
distribution  in  precipitates  by  the  two-stage  method  can  acceler¬ 
ate  the  formation  of  lead  niobium  compounds  with  pyrochlore 
structure. 

IV.  Conclusions 

A  chemical  precipitation  method  was  developed  for  synthesis 
of  typical  relaxor  compounds,  PMN,  PFN,  and  PSN  from 
nitrate  solutions.  The  niobium  precursor  prepared  was  a  clear, 
yellow  solution  with  niobium  existing  as  peroxo-complex  ions. 
Clear  PMN,  PFN,  and  PSN  precursor  solutions  were  prepared 
by  mixing  the  niobium  pecursor  solutions  with  lead  nitrate 
and  corresponding  nitrates.  For  the  PFN  and  PSN  precursor 
solutions,  all  components  were  completely  precipitated  as 
hydroxides  and/or  hydrates  by  hydrolysis  with  aqueous  ammo¬ 
nia  solutions:  for  PMN  precursor  solutions  the  chemical  com¬ 
positions  of  the  precipitate  were  magnesium-poor  because 
magnesium  hydroxide  partially  redissolved  in  the  ammonium 
nitrate  solutions.  For  PMN  precursor  solutions,  a  two-stage 
hydrolysis  method  was  applied  to  avoid  the  problem  with  the 
redissolution  of  magnesium  hydroxide. 

On  calcination,  PMN  precursor  powders  began  to  crystallize 
simultaneously  to  cubic  pyrochlore  and  perovskite  phases  at 
~400®C  and  yielded  -95%  of  perovskite  phase  after  calcina¬ 
tion  at  8(X)°C  for  1  h.  PFN  and  PSN  powders  calcined  under 
similar  conditions  showed  the  formation  of  single  perovskite 
phases. 
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Lead  zinc  niobate  (PZN)  with  1  mole%  of  BaTiO,  (BT)  and  pure  PZN.  both  of  pyrochlore  sinictuie 
were  synthesized  by  soUd  state  and  sol-gel  routes  respectively.  The  pyrochlore  ceramics  were  subjected 
to  high  pres^s  (20-35  Khars)  to  convert  them  to  perovskite  phases.  About  80%  of  perovskitc  phase 
was  formed  s^l  derived  PZN  ceramics  while  only  about  53%  perovskite  resulted  from  conven- 
OonaUy  prised  PZN  with  1  mole%  BaTiO,  additive  at  20  Kbar.  2  hr.  A  maximum  dielectric  constant 
value  of  1 1200  was  obtained  at  1  kHz  for  the  PZN  ceramics  processed  with  20  Kbar  pressure 
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INTRODUCTION 

Lead  zirconium  dtanate  (PZT)  is  the  most  important  electromechanical  transducer 
material  because  of  its  high  piezoelectric  coefficient.  Through  the  optimization  of 
composition  and  processing  of  this  material  there  have  been  steady  improvements 
in  its  properties.  Extensive  search  to  find  better  piezoelectric  materials  than  P2T  over 
the  last  four  decades  has  not  been  fruitful,  except  for  lead  zinc  niobate  (PZN).  PZN 
has  been  considered  to  be  a  better  transducer  material  especially  for  under  water 
applications. 

Lead  zinc  niobate  has  the  perovskite  structure  with  Pb**  coordinated  to  twelve 
oxygen  ions  and  Zn*"^  and  Nb**  ions  in  the  six  coordinated  octahedral  sites.'  Zinr 
and  niobium  are  randomly  distributed  over  the  octahedral  positions,  a  type  of  disorder 
charactenstic  of  the  relaxor  ferroelectrics.  At  room  temperature  PZN  is  rhombohedral 
with  lattice  parameters  a  =  4.061  A  and  a  =  89“  55'.  On  heating  it  passes  through 
a  diffuse  phase  transition  at  140“C  to  the  ideal  cubic  perovskite  stiucture.  Below  this 
temperature  PZN  is  a  ferroelectric  while  above  this  it  is  a  paraelectric  material.* 

The  preparation  of  PZN  ceramics  starting  from  the  oxides  using  conventional 
procedure  of  calcining  and  sintering  suffers  from  the  disadvantage  of  the  ease  with 
wWch  unwanted  pyrochlore  phases  are  formed  at  the  expense  of  the  desired  peiov- 
skite  phase.  The^  stability  of  the  perovskite  phase  has  been  investigated  through  struc¬ 
ture  field  maps,*  on  the  basis  of  crystal  chemical  parameters  such  as  ionic  radii  and 
electronegativity  differences  which  denote  the  extent  of  ionic  bonding.  On  this  basis 
it  was  pointed  out  that  lead  based  relaxor  ferroelectrics  are  generally  less  stable  as 
perovskites  when  compared  to  simple  ABO3  compounds  such  as  BaliOj,  KNbOs 
etc.  and  that  the  order  of  the  stability  of  the  perovskite  relaxors  is  approximately  as 
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follows;  P2^N  <  PCN  <  PIN  <  PSN  <  PNN  <  PMN  <  PFN  <  PFW  <  PZ  <  PT.  In 
other  words  PZN  is  the  most  difficult  relaxor  ferroelectric  to  prepare  with  perovskite 
phase. 

One  approach  which  has  been  in  practice  to  enhance  the  stability  of  the  perovskite 
PZN  is  to  form  a  solid  solution  of  PZN  with  more  stable  perovskites  such  as  BaTiOB, 
PblrOj,  SrHOj  etc.^"‘  Having  tried  all  the  possible  ceramic  processing  routes  Matsuo 
et  al?  tried  to  use  high  pressure  as  one  of  the  main  processing  parameters  to  syn¬ 
thesize  PZN  in  perovskite  form.  They  defined  the  pressure-temperature  range  as  25 
Kbars  and  above  and  800-1000'’C  to  form  the  perovskite  phase  and  the  phase  was 
quenched  as  metastable  phase.  Recently  Fujiu  et  al?  reported  conversion  of  p3rro- 
chlore  PZN  to  perovskite  phase  using  hot  isostatic  pressing  at  200  MPa  and  1150°C. 

In  the  present  investigation  two  different  kinds  of  approaches  were  undertaken  to 
synthesize  the  perovskite  PZN  in  the  ceramic  form.  In  the  first  approach,  a  small 
amount  of  BaTiOj  (1  mole%)  was  added  to  PZN  as  a  stabilizer  and  the  PZN-BT 
ceramic  was  processed  with  varying  pressure  and  temperature.  In  the  second  ap¬ 
proach  pure  PZN  was  prepared  using  a  solution  sol-gel  method  which  has  proved  to 
be  very  advantageous  in  ceramic  processing.*''®  The  PZN  pyrochlore  was  then  pro¬ 
cessed  at  a  constant  pressure  and  temperature  for  various  holding  periods.  The  ob¬ 
jective  of  this  paper  was  to  find  out  the  processing  conditions  to  synthesize  the 
perovskite  phase  and  to  measure  the  dielectric  properties  of  these  ceramics. 


EXPERIMENTAL 
Preparation  of  PZN-BT 

Ceramic  samples  of  PZN-BT  were  prepared  using  reagent  grade  chemicals  by  a  two 
step  mixed  oxide  technique.  In  the  first  stage  a  precursor  columbite  phase  2iiNb204 
was  prepared  by  mixing  ZnO  and  Nb^Oj  in  stoichiometric  ratio  and  calcining  at 
1000‘’C  for  4  hr.  In  the  second  stage  the  precursor  was  mixed  in  stoichiometric  ratios 
with  PbO,  BaCOj  and  TiOi  and  ball  milled  for  14  hr  in  polyethylene  bottles  using 
zirconia  balls  as  milling  media  and  ethyl  alcohol  as  wetting  agent.  Milled  batch  was 
dried  in  an  oven  at  80‘’C  for  24  hr  and  then  calcined  at  900'’C  for  4  hr.  Calcined 
powder  was  crushed,  milled  and  2  wt%  polyvinyl  alcohol  binder  was  added  prior  to 
pressing  into  pellets  of  1/4*  diameter  and  1/4*  thick  at  40000  psi.  Pressed  pellets 
were  sintered  at  1 100°C  for  two  hours  after  initial  binder  bum  out  at  600°C. 


Preparation  of  PZN  by  Solution  Sol-Gel  Method  (SSG) 

Complexed  alkoxide  solution  containing  Pb,  Zn  and  Nb  was  prepared  using  lead 
acetate,  PbfCHjCOOjz  •  SHzO,  diethyl  zinc  (CzHjjzZn,  and  niobium  ethoxide 
NbfOCiHsjj.  Lead  acetate  was  dissolved  in  excess  methoxyethanol  at  70“C  and  re¬ 
fluxed  at  125®C  for  a  few  hours.  The  water  associated  with  lead  acetate  and  the 
reaction  product,  methoxyethoxyacetate  were  distilled  off  by  raising  the  temperature 
to  145°C.  Stoichiometric  amount  of  niobium  ethoxide  was  added  to  the  above  so¬ 
lution  and  refluxed  at  125*C  for  6  hr.  Diethyl  zinc  as  15  wt%  solution  in  hexane 
was  added  to  the  above  solution  and  heated  first  at  80“C  for  few  hours  and  then  the 


HIGH  PRESSURE  PROCESSING  OF  PZN  CERAMICS 


137 


temperature  was  raised  to  125°C  and  kept  for  24  hr  to  get  a  completely  mixed  and 
complexed  alkoxide  solution.  The  solution  was  hydrolysed  with  water  in  methoxy- 
ethanol  and  gelled  at  room  temperature.  The  gel  powder  was  heated  at  350®C  for  1 
hr  and  then  calcined  at  750®C  for  2  hr.  The  calcined  powder  was  made  into  pellets 
and  sintered  at  1050®C  for  4  hr. 


High  Pressure  Processing 

The  above  ceramics  were  subjected  to  high  pressures  using  a  piston  cylin^r  appa¬ 
ratus.  The  specific  high  pressure  cell  used  in  our  experiment  (with  slight  mc^fi- 
cations)  was  developed  and  described  previously  by  Baker  and  Eggler.“  The  cylinder 
high  pressure  cells  consisted  of  outer  talc  and  pyrophyllite  sleeves  separated  from 
the  PZN  specimens  by  an  inner  pyrex  liner  to  inhibit  reaction  fiom  fluids  derived 
from  dehydration  at  high  temperature.  Heating  was  achieved  by  a  graphite  fiimace 
sleeve  inserted  directly  inside  the  p)rrex  liner.  The  specimen  was  isolated  from  the 
heater  assembly  by  boron  nitride  powder  and  crushable  alumina  spacer  material.  The 
temperature  of  the  specimen  was  monitored  by  a  platinum-rhodium  thermocouple 
inserted  through  the  steel  base-plate  into  the  alumina  directly  adjacent  to  the  PZN 
pellet.  Pressure  and  temperature  were  simultaneously  increased  linearly  until  the 
desired  conditions  were  reached.  This  step  was  accomplished  in  five  minutes.  Pres¬ 
sure  and  temperature  were  maintained  at  a  constant  level  for  the  period  of  time 
selected  for  the  run  (generally  30  to  240  minutes).  Finally  pressure  was  dropped  at 
a  constant  temperature  until  contact  with  the  furnace  was  broken,  whereupon  both 
pressure  and  temperature  were  dropped  simultaneously. 


Characterization 


The  above  processed  samples  were  analyzed  by  X-ray  powder  diffraction  (XRD) 
using  CuKa  radiation.  The  relative  amounts  of  the  perovskite  and  pyrochlore  phases 
were  estimated  from  the  major  peak  intensities  using  the  following  equation: 


%  perovskite  = 


/(perov)  X  100 
/(perov)  -f  /(pyro) 


For  measuring  dielectric  constant,  samples  were  polished  using  diamond  paste  and 
two  parallel  surfaces  were  electroded  with  sputtered  gold.  Dielectric  measurements 
were  carried  out  on  an  automated  system  in  which  an  oven  (model  2300,  Delts 
Design  Inc.)  and  LCR  meter  (model  4274A,  Hewlett  Packard  Inc.)  and  a  digital 
multimeter  were  controlled  by  a  desk  top  computer  system  (model  9816,  Hewlett 
Packard  Inc.).  For  piezoelectric  measurements  poling  was  done  using  an  oil  bath  on 
selected  samples  by  cooling  from  above  the  transition  temperature  to  room  temper¬ 
ature  with  an  applied  field  of  1.5  kV/mm.  The  piezoelectric  coefficient  was  measured 
on  a  Berlincourt  meter  (Model  CPDT  3000,  Channel  Products,  Inc.).  To  compare 
the  grain  size  of  the  sol-gel  derived  and  conventionally  processed  ceramics  scanning 
electron  micrographs  of  the  fracture  surfaces  were  obtained  for  both  the  samples 
using  an  ISI  60  scanning  electron  microscope. 
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RESULTS  AND  DISCUSSION 

Powder  X-ray  diffraction  of  PZN-BT  ceramics  sintered  at  ambient  pressure  resulted 
in  only  pyrochlore  phase.  This  is  an  expected  result  because  sintering  of  constituent 
oxides  at  ambient  pressure  was  well  documented  to  form  only  pyrochlore  phase.^'* 
After  applying  a  pressure  of  35  Kbars  at  800®C  the  conversion  of  pyrochlore  to 
perovskite  phase  occurred  as  revealed  by  XRD  (Figure  1).  The  amount  of  perovskite 
formed  was  found  to  increase  with  increasing  applied  pressure  at  the  same  temper¬ 
ature  (Figure  2). 

The  increased  formation  of  perovskite  phase  with  the  applied  pressure  may  be 
attributed  to  better  kinetics  at  higher  pressures,  pressure  being  the  catalyzing  param- 


FIGURE  2  Variation  of  perovskite  phase  fonnadon  in  PZN-BT  ceramics  at  800°C  with  processing 
pressures. 
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eter  for  the  conversion.  The  amount  of  perovskite  phase  formed  at  25  Kbar  is  about 
60%  while  the  amount  of  perovskite  formed  at  35  Kbar  is  around  80%  (Figure  2), 
X-ray  patterns  of  PZN  gel  after  sintering  at  1050®C  for  2  hr  (Figure  3a)  showed 
the  formation  of  stable  cubic  pyrochlore  as  has  been  reported  by  earlier  workers.*^ 
Because  the  sol-gel  powders  are  chemically  more  homogeneous  and  much  more 
reactive  compared  to  the  powders  prepared  by  solid  state  method,  the  addition  of 
BaHOs  to  stabilize  the  perovskite  was  avoided.  When  the  sol-gel  powders  were 
subjected  to  20  Kbar  pressure  for  different  periods,  different  amounts  of  perovskite 
formed  (Rgure  3b  and  4).  The  amount  of  perovskite  formed  first  increased  and  then 
decreased  with  time  (Figure  4).  This  result  shows  that  there  is  a  critical  time  to 
achieve  maximum  amount  of  perovskite  beyond  which  the  perovskite  phase  reverts 
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FIGURE  3  X-ray  powder  diffiraction  of  (a)  PZN  ceramic  sintered  at  1050®C,  2  hr  and  (b)  PZN  ceramic 
processed  at  20  idiar,  2  hr. 


FIGURE  4  Variation  of  perovskite  phase  formation  with  processing  time  for  PZN  ceramics. 
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to  pyrochlore.  The  reason  for  this  transformation  is  not  clear  at  present.  Scanning 
electron  micrographs  of  the  fracture  surface  of  the  two  different  ceramics  processed 
under  identical  conditions  (20  Kbar,  2  hr)  are  shown  in  Figure  5.  The  grain  size  of 
sol-gel  processed  PZN  sample  is  larger  compared  to  the  conventionally  processed 
PZN  ceramics  because  of  higher  reactivity  in  the  former.  The  dielectric  constants  of 
the  processed  ceramics  measured  (Figure  6)  here  are  much  higher  than  those  reported 
earlier.’**  The  variation  of  dielectric  constant  with  respect  to  temperature  and  fre¬ 
quency  (Figure  6)  clearly  shows  the  relaxor  nature  of  the  material.  The  Curie  tem¬ 
perature  of  -170®C  is  a  much  larger  value  than  that  of  the  PZN  single  crystal  (140°C) 
which  may  be  because  of  the  stresses  that  are  built  up  during  the  processing  at  very 
high  pressures.. The  piezoelectric  constant  (J33)  for  the  PZN  sample  prepared  at  20 
Kbar,  2  hr  showed  a  value  of  70  X  10"^^  C/N.  This  value  is  low  compared  to  those 
reported  earlier  and  this  decrease  may  have  been  caused  by  the  presence  of  some 
pyrochlore  phase  in  the  ceramics. 


FIGURE  5  Scanning  electron  micrographs  of  (a)  PZN-BT  ceramic  and  (b)  PZN  ceramic. 
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FIGURE  6  Dielectric  constant  and  dielectric  loss  vs  temperature  for  PZN  ceramics  processed  at  20 
Kbar,  2  hr.  (1)  1  kHz;  (2)  10  kHz;  (3)  100  kHz, 

CONCLUSIONS 

1.  Pyrochlore  PZN  can  be  converted  to  perovskite  phase  using  high  pressure  pro¬ 
cessing  (20  Kbar), 

2.  Perovskite  conversion  increases  with  an  increase  in  processing  pressure  for 
PZN-BT  ceramics. 

3.  Maximum  conversion  of  pyrochlore  to  perovskite  phase  occurs  at  a  critical  time 
(2  hr)  for  a  given  pressure  (20  Kbar)  and  temperature  (800®C)  conditions  when  sol- 
gel  derived  PZN  pyrochlore  is  used. 

4.  Sol-gel  derived  P2^  pyrochlore  ceramic  proved  to  be  better  than  the  conven¬ 
tionally  prepared  ceramic  in  terms  of  processing  pressures  and  temperatures  to  con¬ 
vert  it  to  the  desired  perovskite  phase. 
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The  synthetic  method  used  here  to  prepare  smart  materials  utilizes  simple  solution  chemistry  to  give  a 
high  ^gree  of  chemical  control  and  reproducibility.  Smart  materials  such  as  Pb(Mgi/9Nb2^)03  (PMN) 
and  0.9Pb(Mg,yjNb2«)03-0.1PbTi03  (PMN-PT)  were  prepared  as  bulk  ceramics  and  thin  films  using  sol- 
gel  process.  The  inqxntance  of  wet  chemical  method  with  respect  to  the  properties  of  materials  in  device 
applications  is  hi^ilighted. 

Keywords:  Smart  materials,  lead  magnesium  mobate,  low  temperature  processing. 


INTRODUCTION 

Smart  materials  and  systems  are  gaining  importance  recently  because  of  their  appli¬ 
cations  in  all  branches  of  science.  Smart  material  systems  consist  of  sensor,  actuator 
and  a  control  mechanism.  A  smart  material  senses  a  change  in  the  environment  and 
using  a  feed  back  system,  makes  a  useful  response.  It  is  both  a  sensor  and  an  actuator. 
Newnham  and  Ruschau^  have  reviewed  many  examples  of  passively  smart  and  ac¬ 
tively  smart  materials.  The  difference  between  a  smart  and  a  very  smart  material  can 
be  demonstrated  with  piezoelectric  and  electrostrictive  ceramics.  Lead  zirconium 
titanate  (PZT)  is  a  smart  material  where  as  lead  magnesium  niobate-lead  titanate 
(PMN-PT)  can  be  considered  as  a  very  smart  material  because  of  its  large  non  linear 
relationship  between  strain  and  electric  field.  The  non  linear  relation  between  strain 
and  electric  field  can  be  used  to  tune  the  piezoelectric  coefficient.  Other  smart  ma¬ 
terials  include  lead  zinc  niobate,  modified  PT  and  phase  transition  ceramics  such  as 
Pb(Zr,Ti.Sn)03. 

Newnham  etoL^  recently  listed  the  various  types  of  sensors  and  its  functions.  The 
reliability  and  reproducibility  of  these  electronic  ceramics  depend  upon  the  prepa¬ 
ration  technology.  Several  ways  of  accomplishing  synthesis  under  mild  conditions 
have  been  explored  and  of  special  importance  are  the  energy  saving  routes  involving 
low  temperatures.  Generally  there  are  two  methods  ceramic  and  wet  chemical  which 
have  been  utilized  to  make  ceramic  powders.  Wet  chemical  methods  are  of  several 
types:  co-precipitation,  decomposition  of  metal  salts,  spray  decomposition,  fireeze 
drying  and  hydrothermal  and  sol-gel  processes.  Among  these,  the  last  method 
namely,  sol-gel  process  will  be  discussed  here  to  make  smart  materials.  This  method 
involves  simple  solution  chemistry  but  give  a  high  degree  of  chemical  homogeneity 
and  reproducibility. 
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SoUGel  Process 

The  term  “sol-ger’  is  used  to  describe  chemical  processes  in  which  polymeric  gels 
are  formed  from  metallo-organic  starting  materials.  The  most  commonly  studied  sol- 
gel  systems  are  based  on  the  chemistry  of  metal  alkoxides  M(OR)„.  There  are  two 
important  key  steps  in  the  sol-gel  process  and  can  be  summarized  as  follows: 

Hydrolysis 

=M— OR  +  H2O  ^  =M— OH  +  R— OH 


Condensation 


=M— OH  +  RO— M=  =M— O— +  R— OH 

=M— OH  +  OH — M=  =M — O— +  HjO 

where  R —  represents  alkyl  group.  These  reactions  under  controlled  conditions  will 
lead  to  gelation.  There  are  many  published  papers  on  sol-gel  processing  of  ceramics 
and  glasses.^’^  A  recent  book  on  sol-gel  chemistry^  gives  a  good  account  of  the  sol- 
gel  process.  Among  the  wet-chemical  methods,  sol-gel  route  has  become  increasingly 
important  in  the  area  of  electroceramics  because  of  its  inherent  advantages.  The 
merits  of  sol-gel  processing  such  as  high  purity,  molecular  homogeneity  and  lower 
processing  temperature  can  be  taken  advantage  in  the  electroceramics  field  to  im¬ 
prove  device  performance.  In  addition  to  the  above  advantages,  sol-gel  method  al¬ 
lows  unique  forming  opportunities.  Much  of  these  driving  force  for  the  development 
of  sol-gel  thin  film  production  has  stemmed  from  the  above  mentioned  advantages. 
The  standard  methods  of  film  making  such  as  sputtering  or  chemical  vapor  deposition 
(CVD)  often  lead  to  difficulties  in  controlling  the  stoichiometry  of  multicomponent 
oxide  films  because  of  differences  in  the  sputtering  rates  of  the  constituents. 

Uchino®  has  reported  the  importance  of  wet  chemical  methods,  in  particular  sol- 
gel  method,  for  iht  preparation  of  electroceramic  powders  used  in  electrostrictive 
actuators.  Multilayer  ceramics  consist  of  layers  of  dielectrics  with  metal  electrodes 
in  between  the  layers.  The  volumetric  efficiency  Oarge  capacitance/unit  volume)  in 
a  capacitor  can  be  achieved  by  decreasing  the  layer  thickness  and  choosing  high 
dielectric  constant  materials.  Sol-gel  method  is  expected  to  play  an  important  role 
in  miniaturization  of  electronic  packages  and  also  in  smart  material  systems.  Mod¬ 
ified  PT  containing  multi  component  metal  ions  has  been  used  as  a  sensor  in  active 
vibration  control  and  acoustic  absorption  systems.*  The  large  thickness  mode  elec¬ 
tromechanical  coupling  factor  (AT,)  and  a  small  planar  mode  coupling  constant  (Kp) 
of  modified  PT  make  it  a  particularly  promising  material  for  ultrasonic  transducers 
used  in  non  destructive  structural  testing.  Powder  preparation  methods,  composition, 
homogeneity,  particle  size  can  profoundly  influence  the  properties  of  the  final  prod¬ 
uct.  In  this  case,  uneven  dopant  distribution,  small  variations  in  the  amount  present 
or  minute  amount  of  other  contaminants  can  alter  the  properties  of  ceramics.  There¬ 
fore,  a  wet  chemical  method  is  needed  to  overcome  these  problems. 

PZT  and  PMN-PT  are  used  as  both  sensors  and  actuators  in  smart  systems.*'  The 
critical  processing  issues  include  preparation  of  these  materials  with  the  desired  phase 
and  stoichiometry.  One  of  the  problems  with  PMN  and  related  systems  is  the  diffi¬ 
culty  in  producing  a  single  phase  material  consisting  of  only  perovskite.*  Depending 
on  the  processing  conditions,  a  second  phase  of  pyrochlore  structure  may  be  present 
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which  reduces  the  dielectric  constant  of  the  material.  In  addition,  the  processing 
temperature  should  be  kept  sufficiently  low  in  order  to  prevent  PbO  loss  during  the 
preparation  of  lead  based  materials.  We  describe  here  the  sol-gel  processing  of  PMN, 
PMN-PT  and  modified  PT  ceramics  and  thin  films  which  are  used  in  smart  material 
systems. 


EXPERIMENTAL 
PMN  Fine  Powder 

Complex  alkoxide  solution  was  prepared  by  reacting  lead  acetate,  Pb(CH3COO)2' 
3H2O,  with  magnesium  ethoxide,  Mg(CX32H5)2,  and  niobium  ethoxide,  Nb(OC2H5)3. 
The  detailed  experimental  procedure  to  make  the  complexed  alkoxide  solutions  was 
reported  earlier.®’*®  The  resulting  solution  was  hydrolyzed  with  water  in  methoxy- 
ethanol  and  allowed  to  form  bulk  gel  at  room  temperature.  The  gel  was  initially 
heated  at  325®C  for  one  hour  and  the  resulting  powder  was  calcined  at  different 
temperatures  to  study  its  crytallization.  The  powder  obtained  at  775°C,  2  hr  showed 
the  formation  of  pure  perovskite  phase.®  The  powders  are  very  fine  with  a  particle 
size  of  200  to  500  nm  size. 


RESULTS  AND  DISCUSSION 
Lowering  Crystallization  Temperature 

A  recent  innovation  of  the  sol-gel  process  is  to  make  maximally  heterogeneous 
materials.““*^  It  resulted  in  structurally  diphasic  materials  with  crystalline  seeds  in 
amorphous  or  semi  crystalline  gels  of  the  same  composition.  These  diphasic  gels 
appear  to  be  highly  promising  for  densification  and  in  radically  lowering  the  pro¬ 
cessing  temperature.*^  In  order  to  lower  the  crystallization  temperature  of  PMN  gels, 
structurally  diphasic  gels  with  different  seeds  having  perovskite  stracture  were  used. 
Fine  crystalline  perovskite  oxides  such  as  SrliOj  (ST),  BaTiOs  (BT),  PMN  and  PT 


FIGURE  1  Percentage  of  perovskite  phase  vs  temperature  for  the  PMN  gel  with  various  seeds;  (1)  BT, 
(2)  PT.  (3)  PMN,  and  (4)  ST. 
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were  used  as  seeds.  The  sizes  of  all  the  seeds  are  in  the  submicron  range.  The 
percentages  of  perovskite  phase  formed  from  the  diphasic  gels  with  various  seeds 
heated  at  various  temperatures  were  calculated  from  X-ray  powder  diffraction.® 

The  plot  was  given  in  Figure  1.  The  data  indicates  that  PMN  acts  as  a  better  seed 
in  lowering  the  crystallization  temperature  compared  to  the  other  seeds.  Seeding  with 
as  little  as  1%  PMN  nuclei  lowered  the  formation  temperature  of  perovskite  phase 
by  about  75®C  compared  to  the  unseeded  gel.  With  5%  seed,  pure  perovskite  phase 
was  obtained  at  a  temperature  as  low  as  It  is  also  clear  from  these  results 

that  a  significant  lowering  of  the  crystallization  temperature  occurred  upon  seeding 
by  solid-state  epitaxial  reaction.  These  results  are  in  agreement  with  the  concept  of 
“nucleation  and  epitaxial  growth”  which  is  believed  to  govern  the  reactions  occur¬ 
ring  in  isostructurally  seeded  gels.*^  By  lowering  the  processing  temperature,  it  is 
possible  to  make  fine  particles  which  in  turn  will  help  in  lowering  the  sintering 
temperature. 


FIGURE  2  Scanning  electron  micrograph  of  the  fracture  surface  of  PMN  ceramics  sintered  at  1200®C, 
4  hr.  (a)  without  seed  and  (b)  with  seed. 
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Grain  Size 

The  dielectric  properties  are  sensitive  to  microstructure  and  impurities  either  in  the 
grain  boundary  or  in  the  grain  itself.  In  relaxor  ferroelectrics,  the  bigger  the  grain 
size,  the  larger  the  dielectric  maximum  near  the  Curie  temperature.  Uchino'*  has 
shown  the  grain  size  effect  of  PLZT  ceramics  on  strain  when  electric  field  is  applied. 
It  rnay  be  emphasized  here  that  wet  chemical  methods  can  be  utilired  to  control  the 
grain  size  of  the  ceramics.  Diphasic  gel  with  seed  was  made  similar  to  earlier  re¬ 
ported  procedure'*  and  calcined  at  TSOX  for  2  hr.  The  ceramics  were  made  by 
pressing  the  powder  into  pellets  and  sintered  at  HOOX  for  4  hr  with  seed  and  without 
seed.  Scanning  electron  micrograph  of  the  fracture  surface  of  the  ceramics  sintered 
at  12{)0“C  for  4  hr  is  shown  in  Figure  2.  There  is  a  vast  difference  in  the  micro- 
structure  between  the  ceramics  with  seed  and  without  seed.  The  grain  size  was  found 
to  be  -5  urn  in  the  ceramics  sintered  without  seed  where  as  it  is  about  3-4  jun  in 
the  presence  of  seed.  It  is  also  possible  to  use  hot  uniaxial  pressing  technique  to 
control  the  grain  size  which  was  reported  earlier  for  relaxor  ferroelectrics.” 

The  physical  and  dielectric  properties  of  0.9PMN-0.1PT  ceramics  at  various  sin¬ 
tering  temperatures  are  presented  in  Table  I.  The  dielectric  constant  maximum  mea¬ 
sured  at  1  kHz  increa^  as  the  sintering  temperamre  increased.  All  of  the  samples 
exhibited  fitequency  dispersion  behavior  of  both  dielectric  constant  and  loss,  which 


TABLE  I 

Dependence  of  physical  and  dielectric  properties  of  0.9PMN-0.1PT 
ceramics  at  various  sintering  temperatures  for  4  hr 


Sintering 

Temp.(*C) 

K(23-C)at 

IlcHz 

Tan  a  (25-0  at 
IkHz 

Grain  size 
(Mm) 

900 

3159 

0.0062 

1.0 

1000 

4278 

0.0050 

2.0-2.5 

1100 

8612 

0.0070 

3.0-3.5 

1200 

12144 

0.0076 

4.5-5.0 

1250 

17563 

0.0077 

4.5-5.5 

FIGURE  3  Dielectric  constant  vs  temperature  at  1  kHz  for  the  0.9PMN-0.1PT  sintered 
temperatures:  (a)  900",  (b)  1000",  (c)  1100",  (d)  1200",  and  (e)  1250“C. 
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is  a  characteristic  of  relaxor  ferroelectrics.  The  grain  size  for  the  ceramics  increased 
with  increase  in  sintering  temperature  as  expected.  A  grain  size  variation  of  1-5.5 
ftm  was  observed  for  the  ceramics  sintered  from  900®C  to  1250®C  and  this  result  is 
similar  to  that  reported  earlier  for  0.93  PMN-0.07PT  ceramics.'*  The  sample  sintered 
at  900®C  showed  a  small  grain  size  (1  p.m).  No  abnormal  grain  growth  was  observed, 
probably  because  of  the  use  of  fine  and  uniform  starting  powders.  The  possible  cause 
of  the  low  dielectric  constant  (Figure  3)  for  the  small  grain  size  ceramics  may  be 
the  existence  of  amorphous  PbO  phase  along  the  grain  boundaries  and  intergranular 
impurity  phases.'*’” 


Oriented  Thin  Films 

Much  of  the  work  on  sol-gel  processing  of  lead  based  ceramics  has  been  directed  at 
the  perovskite  ferroelectrics  such  as  PT  and  PZT.  A  recent  review  by  Swartz“  ex¬ 
plains  the  details  about  electronic  ceramics.  A  limited  amount  of  work  has  been  done 
on  PMN  and  PMN-PT  thin  films.*'’“  Research  in  the  deposition  of  BT  thin  film  for 
thin  film  capacitor  application  has  been  reported.^  However,  the  most  promising  thin 
film  material  for  this  particular  application  may  be  PMN  related  materials.  We  have 
reported  the  solution  sol-gel  processing  of  PMN  thin  films  recently.^  A  highly  ori¬ 
ented  film  along  (111)  direction  was  obtained  on  silicon  substrate.  It  was  also  re¬ 
ported  that  the  orientation  and  crystallization  rate  were  strongly  influenced  by  the 
nature  of  the  substrate  and  heating  rates. 


20  30  40  50  60 


20,degrees 


FIGURE  4  X-ray  diffraction  pattern  of  epitaxial  oriented  PMN  thin  film  on  SrTiO,  substrate  with  (a) 
110  and  (b)  100  orientations. 
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FIGURE  5  Scanning  electron  micrograph  of  PMN  (100)  thin  film  on  SrTiOj  substrate  calcined  at 
75(rC.  2  hr. 

Recently,  oriented  films  are  gaining  importance  because  of  their  performance  in 
device  applications.^  C-axis  oriented  PT  thin  film  was  found  to  be  better  for  the 
development  of  pyroelectric  infrared  detector  and  piezoelectric  transducer  compo¬ 
nents.^  And  also,  if  the  ferroelectric  thin  films  can  be  produced  with  significant 
crystallographic  orientation,  the  pyroelectricity  may  be  observed  without  poling.^ 
PMN  oriented  film  was  made  using  the  complexed  alkoxide  solution  as  reported 
earlier^  on  single  ciystal  ST  substrates.  Similarly  PT  was  also  coated  on  different 
oriented  (110  and  100)  ST  single  crystal  substrates.  Depending  upon  the  substrate 
orientation,  the  films  were  also  oriented  along  the  same  direction.  In  many  isostruc- 
turally  seeded  gels,  the  gel  to  ceramics  conversions  have  been  achieved  at  lower 
temperature  due  to  epitaxial  crystallization.'*  X-ray  diffraction  pattern  of  oriented 
PMN  thin  films  along  (110)  and  (1(X))  direction  are  shown  in  Figure  4. 

The  microstructure  of  the  PMN  (100)  oriented  thin  film  is  shown  in  Figure  5.  A 
very  uniform  coating  of  few  nanometers  without  any  observable  cracks  and  a  very 
fine  grain  size  was  obtained.  It  is,  however,  possible  to  build  thicker  coating  of  a 
few  microns  using  sol-gel  method  by  modifying  the  process.  Recendy,  PT  films  of 
few  micrometers  thickness  were  prepared  with  limited  cracking  by  a  modified  sol- 
gel  process  which  used  acetyl  acetone  as  chelating  agent.^*  Modified  PT  has  been 
used  as  sensors  in  smart  systems^  and  ^s  is  a  good  candidate  for  preparation  by 
sol-gel  process.  We  are  now  in  the  process  of  preparing  a  modified  PT  of  compo¬ 
sition,  Pbi-jfCarTii^y  (Coo,5^os)yO^  O.OlMnO  by  the  above  modified  sol-gel 
method  and  these  results  will  be  reported  in  due  course. 


CONCLUSION  AND  COMMENTS 

Use  of  wet  chemical  method  may  be  the  key  in  advancement  of  electronic  ceramics 
in  various  applications.  The  use  of  sol-gel  method  appears  to  be  a  promising  route 
for  the  stabilization  of  the  perovskite  PMN  phase.  The  formation  of  perovskite  phase 
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occurs  at  -7(X)®C  which  is  very  low  compared  to  any  other  technique.  In  the  future, 
smart  materials  may  be  expected  to  be  deposited  as  coatings  by  sol-gel  process  on 
silicon  chips  used  in  integrated  circuits  just  as  the  PZT  films  are  now  being  deposited 
on  silicon  chips  for  memory  devices. 
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Ceramics  m  the  sohd  MluQon  system  (x)  Pban„Nb«X)3  -  (1  -  x)  Pb(Sc,«Tau:)0,  [PIN:PST{x)]  with 
comjwsitions  rangmg  from  x  =  0.0  to  x  =  1.0  have  been  fabricated.  This  paper  presents  the  processing 
methods  for  producing  100%  perovskite  PIN  and  PST  ceramics,  as  weU  as  those  for  the  PInW  soUd 
solution.  Various  electrical  properties  including  the  dielectric  constant  and  hysteresU.  die  pyroelectric 
ana  piezoelectric  response,  are  measured  on  these  conqposhioiis. 


Keywords:  Relaxor  ferroelectrics,  lead  indium  mobate-scandium  tantalate,  synthesis  &. 
properties. 


INTRODUenON 

Earlier  studies  have  shown  that  both  Pb(In,;2Nb,;2X)3  [PIN]  and  PbCSciaTa^j)©, 
[PST]  are  relaxor  ferroics  in  which  the  degree  of  B-site  cation  ordering  can  be 
thennally  controlled.  Disordered  PIN  has  been  found  to  have  a  pseudo  cubic  per- 
ovskite  structure,  specifically,  a  rhombohedrally  distorted  space  group  of  R3m  or  R3. 
After  thermal  aimealing,  PIN  has  been  shown  to  order  into  an  antiferroelectric  or¬ 
thorhombic  phase,  isostructural  with  PbZrOj.  Disordered  PST  has  also  been  found 
to  have  a  pseudo  cubic  structure.  However,  after  ordering,  the  unit  ceU  doubles  into 
a  ferroelectric  phase.  It  is  because  of  this  difference  in  ordering  behavior  that  the 
PIN.PST  system  looks  to  be  of  both  theoretical  and  practical  interest. 


EXPERIMENTAL 
1.  Processing 

i.  Lead  indium  niobate  ceramics.  The  processing  of  PIN  powders  evolved  in  this 
paper  through  a  number  of  experimental  steps.  The  first  synthesis  approach  was 
through  the  common  mixed  oxide  method.  The  starting  materials  for  this  procedure 
were  reagent  grade  PbO,  Nb^Os,  and  InjOs.  Stoichiometric  amounts  of  the  raw  ma¬ 
terials  were  mixed  with  alcohol  and  ball-milled  in  Nalgene  containers.  Milling  times 
were  typically  longer  than  12  hours,  foUowed  by  drying  the  powders  at  100®C  for 
18  to  24  hours.  After  drying,  the  powder  was  regtound  with  a  mortar  and  pestle  to 
100  mesh.  The  PIN  powder  was  then  calcined  on  a  platinum  foil  within  a  closed 
alumina  crucible.  The  desired  reaction  for  the  mixed  oxide  method  is  as  follows: 

4 -PbO  +  1020,  +  Nb205  — >  [perovskite]4-Pb(InNb)in03 
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As  with  many  other  perovskite  materials,  a  parasitic  pyrochlore  phase  was  concur¬ 
rently  produced.  It  was  therefore  important  to  determine  the  relative  proportions  of 
the  two  phases.  This  was  accomplished  using  x-ray  diffraction  PCEU)]  and  the  method 
described  by  Swartz  and  Shrout  (1982).  From  diffraction  patterns  the  intensity  of  the 
100%  peaks  of  the  two  phases  (110  and  022,  respectively)  were  determined  and  the 
amount  of  perovskite  present  calculated  by: 

%  Perovskite  =  I- — |  X  100 

Vlio  “b  *022/ 

After  calcining  the  powders  with  various  soak  times  and  temperatures,  it  quickly 
became  apparent  that  lead  and/or  indium  volatility  was  a  serious  problem.  Atmo¬ 
spheric  control  was  achieved  by  placing  boats  of  PbO  and  In203  alongside  the  plat¬ 
inum  foil.  Eventually,  the  high  temperature  curing  cement  was  used  for  better  control 
of  the  atmosphere.  In  no  case  was  phase  pure  PIN  produced  for  reaction  times  up 
to  10  hours.  An  optimum  soak  condition  of  4  hours  at  lOSO'^C  was  found  to  result 
in  the  production  of  only  80%  perovskite  phase.  Further,  any  increase  in  either  time 
or  temperature  resulted  in  an  increase  of  pyrochlore  concentration. 

Further  processing  steps  based  on  a  precursor  method  for  producing  an  interme¬ 
diate  “building  block”  phase  for  the  synthesis  of  phase  pure  perovskite  relaxor 
materials  was  used  (Swartz  and  Shrout,  1982).  For  this  wolframite  precursor  method, 
InNb04  was  the  choice  for  the  intermediate  phase.  InNb04  was  S3mthesized  using 
the  Stoichiometric  mixing  and  milling  and  drying  of  In203  and  Nb205.  Von  Liebertz 
(1972)  cited  a  reaction  temperature  of  1100®C,  so  a  sealed  crucible  with  an  indium 
source  was  employed.  It  was  found  (see  Figure  1)  that  production  of  InNb04  was 
reasonably  (-90%)  complete  after  4  hours  at  1200®C.  Using  these  conditions  InNb04 


FIGURE  1  Formation  of  InNb04  with  a  soak  time  of  4  hours.  •  stoichiometric,  o  2  wt%  excess 
IniOs. 


excess  LiaCCS. 
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FIGURE  4  X-Ray  diffraction  pattern  of  a  calcined  Pb(In,nNb,«)03  powder. 
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FIGURE  5  X-Ray  diffraction  pattern  of  a  sintered  Pb(In,„Nbuj)Oj  ceramic. 
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Caldning  Temperature  (**0) 

FIGURE  6  Formation  of  Pb(SC|;2Taiy2)03  by  the  mixed  oxide  method. 


FIGURE  7  Formation  of  ScTaO*  by  the  mixed  oxide  method. 


was  synthesized  and  mixed  with  PbO  and  re-milled  as  previously  mentioned.  After 
drying  the  powder,  various  calcining  conditions  were  evaluated  using  the  sealed 
crucible  method.  It  was  found  that  soak  times  longer  than  four  hours  lead  to  increased 
concentration  of  the  pyrochlore  phase.  Maximum  perovskite  phase  content  was  found 
to  be  85%  at  1050°C  (see  Figure  2). 

As  suggested  by  Groves  (1985)  Li2C03  was  used  to  aid  in  forming  PIN.  In  this 
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FIGURE  8  X-Ray  diffraction  pattern  of  a  calcined  Pb(Sc,„Ta„)0,  powder. 
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-100  -75  -50  -25  0  25  50  75  100 

Temperature  (®C) 

FIGURE  9  Dielectric  constant  and  loss  of  (a)  PlNiPST  (2^)  and  (b)  PIN:PST  (97^). 

paper  the  author  reasons  that  the  perovskite  phase  has  a  more  “open”  structure  as 
compared  to  the  pyrochlore.  The  small  lithium  ion  should,  therefore,  add  to  the 
driving  force  for  perovskite  production  due  to  its  large  kinetic  energy  at  processing 
temperatures.  This  does  seem  to  be  the  case  as  seen  in  Figure  2.  The  addition  of  3 
weight  percent  of  ultra-pure  LijCOj  increased  the  formation  of  the  perovskite  phase 
to  about  90%  with  the  previously  mentioned  calcining  conditions.  Another  problem 
realized  at  this  temperature  was  the  tendency  for  the  powders  to  begin  to  sinter. 

Another  useful  approach  used  lithium  and  excess  indium.  Figiue  1  shows  the  result 
of  adding  2  excess  weight  percent  In^Oj  before  the  processing  of  InNb04.  It  was 
found  that  >90%  InNb04  was  formed  at  1 100®C  after  4  hours  and  the  product  showed 
greater  crystallinity.  This  precursor  was  then  mixed  with  PbO  and  3  weight  percent 
LizCOj.  (Calcined  powders  and  ceramics  using  this  procedure  will  be  referred  to  as 
PIN23).  Figure  3  is  a  time  and  temperature  diagram  derived  from  the  PIN23  calci¬ 
nation  study.  At  a  temperamre  of  900°C  PIN23  phase  pure  powders  were  produced 
after  reacting  the  mixtures  for  6  hours.  Using  this  method,  the  need  for  sealed  cru¬ 
cibles  was  eliminated;  however,  lead  and  indium  sources  were  still  used  and  precise 


PROPERTIES  OF  SOLID  SOLUTIONS  OF  PIN/PST 


103 


o 


o 

•fi 


O 


temperature  control  was  also  required.  A  sample  PIN23  XRD  pattern  is  shown  in 
Figure  4. 

Currently  sol-gel  methods  are  also  being  investigated  (Ravichandran  et  1995) 
for  the  production  of  PIN  powder.  It  is  hoped  this  will  lead  to  a  more  robust  pro¬ 
cessing  method  and  larger  batch  sizes. 

Sintering  of  PIN23  ceramics  was  done  at  1050®C  for  2  hours.  This  temperature 
was  a  trade-off  between  density  and  phase  purity  of  the  resulting  ceramics.  At  1050®C 
approximately  89  to  92%  theoretical  density  was  achieved  while  maintaining  at  least 
98%  of  the  perovskite  phase  in  the  bulk.  Concentration  of  the  pyrochlore  phase  on 
the  surface  tended  to  be  slightly  greater  but  could  easily  be  polished  off  during 
sample  preparation.  Figure  5  shows  an  XRD  pattern  of  a  t3rpical  as  sintered  PIN23 
ceramic. 

ii.  Lead  scandium  tantalate  ceramics.  The  production  of  PST  has  also  evolved 
through  a  number  of  steps.  Similar  to  PIN,  the  common  mixed  oxide  method  was 
used  initially.  Stoichiometric  amounts  of  reagent  grade  PbO,  Sc203,  and  Ta205  was 
mixed  and  ball-milled  for  12  hours  with  zirconia  media  in  alcohol.  After  drying  18 
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Temperature  (*0 


Temperature  (®C) 

FIGURE  10  Pyroelectric  constant  and  remnant  polarization  of  (a)  PINrPST  (97  J)  and  (b)  PIN:PST 

(2J). 

to  24  hours  the  powders  were  ground  to  100  mesh  and  placed  on  a  platinum  foil  in 
a  closed  alumina  crucible.  An  alumina  boat  containing  PbO  was  also  placed  in  &e 
crucible  to  control  lead  losses.  The  formation  of  PST  is  governed  by  the  following 
formula: 

4 -PbO  +  Sc203  +  TajOs  [perovskite]4-Pb(ScTa)i/203 

This  mixed  oxide  approach  did  not  yield  promising  results.  A  maximum  of  80% 
perovskite  phase  was  achieved  at  10(X)°C  after  calcining  4  hours  (see  Figure  6). 
Sealing  the  crucibles,  as  done  with  PB^,  was  found  to  have  no  effect  on  the  amount 
of  pyrochlore  phase  present. 

The  wolframite  precursor  method  was  also  used  for  the  synthesis  of  PST.  The 
appropriate  precursor  phase  for  PST  was  found  to  be  ScTa04.  90%  Single  phase 
ScTa04  was  produced  after  calcining  the  oxides  for  8  hours  at  1500  C  (see  Figure 
7).  It  was  determined  that  highly  crystalline,  single  phase  ScTa04  could  be  produced 
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.^)plied  Electric  Field  (kV/cm) 


Applied  Electric  Field  (kV/cm) 

FIGURE  1 1  Room  temperature  dielectric  hysteresis  loop  of  (a)  PIN:PST  (97  J)  and  (b)  PINrPST  (2^), 

from  a  two-step  method.  The  first  step  was  to  calcine  the  powder  at  1400®C  for  4 
hours  to  obtain  60%  single  phase  ScTa04.  The  powder  was  then  re-milled  for  12 
hours  in  alcohol  and  dried  for  18  hours.  After  drying  the  powder  was  fully  converted 
to  ScTa04  when  soaked  at  1500°C  for  4  hours. 

PbO  was  added  to  the  ScTa04  and  was  milled  and  dried.  It  was  found  that  single 
phase  PST  could  easily  be  produced  at  temperatures  as  low  as  800®C  and  times  as 
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FIGURE  12  Dielectric  hysteresis  loop  of  PIN:PST  (2 J)  measured  at  -SO^C. 

short  as  2  hours.  A  sample  XRD  pattern  of  a  PST  powder  produced  by  this  method 
is  shown  in  Figure  8.  Sintering  of  PST  ceramics,  however,  has  proven  to  be  more 
difficult.  The  maximum  density  found  after  sintering  for  8  hours  at  1400®C  was  65 
to  70%  theoretical.  Fielding  et  aL  (1995)  has  shown  that  highly  dense  single  phase 
PST  ceramics  can  be  produced  after  sintering  peUets  between  1500®C  and  1600®C 
in  double  sealed  crucibles.  In  addition,  work  by  Ravichandran  et  aL  (1995)  has 
shown  sol-gel  derived  PST  can  be  sintered  in  a  phase  pure  perovskite  pellets  at  a 
temperature  of  approximately  1400°C. 

iii.  PIN :PST  ceramics.  PINrPST  (jc)  ceramics  (jc  representing  the  concentration  of 
PIN  in  mole  percent)  were  fabricated  using  the  single  phase  powders  as  discussed 
previously.  Appropriate  amounts  of  the  end  members  were  mixed  and  miUed  for  6 
hours  and  a  binder  was  added.  Once  the  powder  was  dried  it  was  ground  to  100 
mesh  and  pressed.  Weight  loss  of  the  ceramics  was  in  all  cases  less  than  2%.  Pellets 
were  placed  in  alumina  crucibles  on  platinum  foils  and  lead  and  indium  sources  were 
added.  All  of  the  ceramics  (x  =  100.0,  97.5,  50.0  and  2.5)  retained  at  least  98%  of 
the  perovskite  phase  and  were  between  95  and  80%  of  the  theoretical  density. 


2.  Electrical 

Electrical  measurements  including  the  dielectric  constant  and  loss,  dielectric  hyster¬ 
esis,  and  pyroelectric  coefficient  were  made  on  the  sintered  pellets.  The  experimen¬ 
tal  setup  to  measure  the  dielectric  constant  and  loss  included  a  Hewlett  Packard 
4271  A  capacitance  bridge  and  liquid  nitrogen  feed  furnace.  The  Byer-Roundy 
method  was  used  for  the  pyroelectric  measurements.  This  setup  involved  a  Hewlett 
Packard  4192A  picoammeter  and  a  similar  furnace  setup.  Data  was  collected  by 
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Hewlett  Packard  200  series  micro  computer.  A  modified  Sawyer-Tower  circuit  was 
used  for  the  hysteresis  measurements.  It  included  a  Trek  2000  voltage  amplifier  and 
an  MS-DOS  based  computer  equipped  with  analog  to  digital  converters  for  data 
collection. 

Room  temperature  dielectric  constant  measured  at  1  kHz  were  found  to  be  3845 
(near  the  peak)  and  1267  (in  the  paraelectric  region)  for  ceramics  with  x  =  97.5  and 
2.5,  respectively.  The  transition  temperatures  for  the  two  ceramics  were  determined 
for  the  two  ceramics  to  be  20®C  and  10®C,  respectively.  Transition  temperatures  from 
pyroelectric  data  were  found  to  be  slighdy  lower,  with  values  of  10®C  and  0°C, 
respectively.  As  expected  from  the  dielectric  and  pyroelectric  data,  only  limited  room 
temperature  hysteresis  was  noticed.  Upon  cooling  to  -30®C,  PIN:PST  (2.5)  shows 
a  remnant  polarization  of  4.5  |xC/cm^,  and  reaches  a  saturated  value  of  5.7  ftC/cm^. 
The  coercive  field  was  found  to  be  9.86  kV/cm.  No  piezoelectric  response  has  been 
detected  in  these  compositions  at  room  temperature.  Further  studies  on  the  temper¬ 
ature  dependence  of  the  ferroelectric  properties  and  the  similar  measurements  on 
other  compositions  across  the  phase  diagram  are  in  progress. 


SUMMARY 

The  experimental  approach  describes  a  suitable  method  for  fabricating  phase  pure 
perovskite  ceramics  in  the  PIN:PST  solid  solution  system.  It  is  shown  that  high 
quality  ceramics  with  less  than  2%  pyrochlore  phase  can  be  produced  by  a  suitable 
multi-step  process.  Future  work  will  focus  on  the  order-disorder  behavior  and  the 
electromechanical  properties  of  these  and  other  compositions  across  the  PINrPST 
phase  diagram. 
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Thick  films  of  lead  zirconate  titanate  of  the  morphotropic 
phase  boundary  composition,  Pb(Zrojj2Tio.48)03,  have  been 
fabricated  on  platinum-buffered  silicon  using  a  modified 
sol-gel  spin-coating  technique.  Crack-free  films  of  12-p.m 
thickness  can  be  uniformly  deposited  on  3-in.-diameter 
wafers  with  high  yield  and  properties  comparable  to  those 
of  bulk  ceramics.  The  thickness  dependence  of  film  struc¬ 
ture  and  the  dielectric,  ferroelectric,  and  piezoelectric  prop¬ 
erties  have  been  characterized  over  the  thickness  range  of 
1-12  p.m.  A  strong  (100)  texture  develops  as  film  thickness 
increases  above  5  jxm;  the  films  were  marked  by  saturation 
values  of  longitudinal  piezoelectric  coefficient  ^33,  340 
pC/N;  remanent  polarization,  27  piC/cm-;  and  dielectric 
permittivity,  1450.  PZT  films  in  this  thickness  range  are 
extremely  well-suited  to  application  as  electromechanical 
transduction  media  in  silicon-based  microelectromechani¬ 
cal  systems  (MEMS). 

I.  Introduction 

PIEZOELECTRICITY,  the  ability  of  a  material  to  develop  an  elec¬ 
tric  moment  proportional  to  an  applied  mechanical  stress, 
figures  prominently  in  the  acoustic  transduction  process,  as 
many  types  of  transducers  make  use  of  the  piezoelectric  effect 
to  convert  efficiently  between  electrical  and  mechanical  ener¬ 
gies.  Because  of  the  strong  piezoelectric  activity  found  near  the 
morphotropic  phase  boundary  composition,  Pb(Zro.52Tio.48)03, 
poled  ceramics  of  this  composition  have  been  widely  used  as  an 
electromechanical  conversion  medium  in  transduction  applica¬ 
tions.  One  important  application  is  in  medical  and  underwater 
acoustic  imaging  systems,  the  design  of  which  incorporates  a 
high-frequency  sonar  transducer  with  two-dimensional  arrays 
of  PZT  active  layers,  serving  to  convert  acoustic  vibrations 
from  impinging  pressure  wave  fronts  into  electrical  signals,  to 
be  processed  and  imaged.  Transducers  of  this  type  can  be 
integrated  onto  a  silicon  chip  with  on-board  circuitry,  in  which 
a  ceramic  PZT  film  is  deposited  on  the  substrate  through  one  of 
a  number  of  deposition  techniques. 

The  need  for  thicker  PZT  films  stems  from  the  figure  of 
merit  (FOM)  for  the  response  of  a  piezoelectric  element  in  an 
acoustic  sensing  device,  given  by  the  sensitivity  (M^y)  squared 
times  the  output  capacitance  (Co):‘ 

FOM  =  MfrCo 

Although  the  capacitance  of  a  PZT  film  scales  inversely  with 
thickness,  the  lower  output  capacitance  of  thick  PZT  films  is 
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more  than  compensated  for  by  their  higher  sensitivity,  and  a 
greater  FOM  can  be  obtained  by  increasing  the  film  thickness 
to  an  optimal  level. 

The  optimal  thickness  of  a  PZT  film  on  a  patterned  silicon 
wafer  is  approximately  one  half  of  the  silicon  membrane  thick¬ 
ness,  or  between  5  and  10  jim.  This  target  thickness  extends 
well  beyond  the  upper  limit  of  conventional  thin  film  fabrica¬ 
tion  methods,  which  are  predominantly  used  in  the  deposition 
of  films  less  than  1  |xm  in  thickness,  and  well  below  the  lower 
limit  of  conventional  tape-casting  and  screen  printing  thick  film 
techniques,  which,  in  addition,  require  higher  thermal  budgets, 
inappropriate  for  silicon  device  fabrication.  The  development 
of  sol-gel-prepared,  thick  film  devices  has  previously  been 
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Fig.  1.  Evolution  of  (100)  planar  orientation  with  thickness  as  evi¬ 
denced  by  X-ray  diffraction  patterns  of  films  of  increasing  thickness. 
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Fig.  2.  SEM  micrographs  of  surface  and  cross-sectional  morphologies  of  a  1 1.3-p,m-thick  PZT  film. 


undermined  by  the  tendency  of  chemically  prepared  PZT  films 
to  crack  beyond  a  critical  layer  thickness  and,  to  a  lesser  extent, 
a  lack  of  information  as  to  the  variation  of  film  properties  with 
thickness  in  this  uncharted  range.  The  thick  PZT  films  prepared 
in  this  work  are  then  of  major  interest  for  both  their  device 
potential  and  the  opportunity  for  investigation  of  the  scaling  of 
fundamental  properties  with  thickness.  There  have  been  reports 
on  the  preparation  of  thicker  films  that  apparently  employ  a 
hybrid  technique  involving  the  blending  of  the  PZT  powder 
with  a  solution  to  obtain  a  viscous  paste,  the  processing  details 
of  which  are  still  unknown." 

IL  Experimental  Procedure 

The  sol-gel  spin-coating  procedure  used  to  prepare  thick 
PZT  films  employs  multidentate  solvents  and/or  metal-organic 
precursors  that  contain  multidentate  ligands,  rather  than  an 
alcohol.'  The  idea  behind  the  use  of  such  solvents  and  ligands  is 
that,  through  chelating  effects,  it  is  likely  that  these  ligands  are 
removed  less  easily  by  hydrolysis  and  may  impart  solubility  to 
a  growing  metal  oxide  cluster,  extending  the  time  to  the  gel 
point.*'  It  is  likely  that  when  many  metal  alkoxide  compounds 
are  dissolved  in  such  multifunctional  alcohol  solvents,  alco¬ 
holysis  reactions  occur,  leading  to  the  formation  of  new  species, 
perhaps  prior  to  hydrolysis  and  condensation  reactions.  This 
idea  has  been  used  for  film  fabrication  by  Yi  et  and  a 
variant  of  the  method  using  carboxylic  acids  as  solvent  has  been 


Fig.  3.  The  average  surface  grain  size  tends  to  increase  with  film 
thickness. 


used  to  prepare  the  solution  in  this  study.  The  elemental  precur¬ 
sors  used  were  lead  acetate  trihydrate,  zirconium  n-propoxide, 
and  titanium  isopropoxide.  Lead  acetate  trihydrate  is  initially 
dissolved  in  acetic  acid,  and  the  water  of  hydrolysis  is  expelled 
during  a  period  of  distillation  at  105°C.  After  cooling  to  room 
temperamre,  the  solution  is  mixed  with  zirconium  and  titanium 
alkoxides  in  amounts  dictated  by  the  morphotropic  phase 
boundar\^  composition,  Pb(Zro.52Tio.48)03.  Solutions  were  syn¬ 
thesized  with  excess  lead  addition  of  20  mol%.  To  the  final 
precursor  solutions,  ethylene  glycol  and  deionized  water  are 
added  to  control  the  viscosity  and  concentration  of  the  sol.  The 
resulting  solution,  stable  in  air.  and  relatively  insensitive  to 
moisture,  is  spin-deposited,  at  7500  rpm  for  30  s,  on  1-  and 
3-in.  platinum  metallized  silicon  wafers  using  a  photoresist  spin 
coater.  Each  wet  layer  is  initially  dried  at  150°C  to  evaporate 
the  solvent,  rapidly  heated  to  400''C  to  remove  residual  organ¬ 
ics.  and  preannealed  at  600°C  to  densify  the  layer  and  prevent 
further  shrinkage.  Finally,  the  multilayer  films  of  desired  thick¬ 
ness  are  annealed  at  700°C  for  1  h  in  a  conventional  box  furnace. 

The  thicknesses  of  the  PZT  films  were  determined  from 
surface  profilometer  traces,  and  compared  against  values  taken 
from  SEM  cross-section  images.  Room-temperature  X-ray  dif¬ 
fraction  data,  recorded  with  a  Scintag  diffractometer  using 
QuKol  radiation,  and  plane  view  SEM  images  were  used  to 
evaluate  structure  and  phase  assemblage.  Contact  electrodes  of 
0.8-  and  1.6-mm  diameter  are  formed  by  sputter-depositing 
platinum,  600  A  thick,  on  the  top  film  surface.  Piezoelectric, 


Fig.  4.  Weak  field  dielectric  permittivity  plotted  as  a  function  of 
thickness.  The  dissipation  losses  are  in  the  range  of  3%  to  4%. 
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Fig.  5.  Plot  of  the  variation  of  hysteresis  parameters,  remanent  polar¬ 
ization,  and  coercive  field,  with  thickness. 


Fig.  6.  P-E  hysteresis  trace  for  a  8.2-p.m-thick  film.  Note  the  high 
polarization,  and  a  relatively  low  coercive  field. 


hysteresis,  and  dielectric  measurements  were  made  using  a 
double-beam  laser  interferometer,  modified  Sawyer-Tower  cir¬ 
cuit.  and  LCR  bridge,  respectively. 

111.  Results  and  Discussion 

The  thickness  of  each  layer  was  found  to  be  constant  at 
0.25  |xm  over  the  entire  range  of  thicknesses  examined;  multi¬ 
ple  coatings  were  applied  to  achieve  a  thickness  of  12  jxm. 
X-ray  diffraction  (XRD)  patterns  taken  for  films  of  increasing 
thickness  (Fig.  1)  demonstrate  a  pseudocubic  perovskite  struc¬ 
ture  with  a  strong  tendency  toward  textured  planar  orientation, 
a  tendency  which  increases  with  thickness  up  to  6  |xm,  beyond 
which  only  (TOO)  and  (200)  reflections  are  observable.  A  dense, 
close-packed  surface  microstructure  is  common  to  films  of  the 
entire  thickness  range  investigated,  as  can  be  observed  from  the 
typical  micrograph  of  a  1 1  .S-pxm-thick  film  (Fig.  2);  the  film 
cross  section  displays  a  dense  layered  structure  with  well- 
defined  grains  along  columns  and  within  each  layer.  The  surface 
grain  sizes  of  the  films  tended  to  increase  with  thickness 
(Fig.  3), 


In  general,  the  electrical  properties  of  the  PZT  thick  films 
under  investigation  compare  favorably  with  those  of  a  well- 
prepared  bulk  ceramic  sample;  however,  scaling  effects  with 
film  thickness  need  to  be  taken  into  consideration  when  incor¬ 
porating  films  into  device  designs.  The  weak  field  dielectric 
permittivity  at  1  kHz  increases  with  film  thickness  up  to  8  ixm. 
at  which  point  it  saturates  at  a  value  of  1450  (Fig.  4).  A  similar 
tendency  is  noted  in  the  plot  of  remanent  polarization  vs  thick¬ 
ness,  27  |xC/cm’  at  film  thicknesses  above  3  jim,  while  the 
coercive  field  is  relatively  independent  of  film  thickness 
(Fig.  5).  A  representative  P-E  hysteresis  trace  for  a  film  8.2  |xm 
thick  is  shown  in  Fig.  6. 

The  longitudinal  piezoelectric  coefficient,  J33,  of  the  thick 
PZT  films,  subjected  to  a  poling  field  of  150  kV/cm  for  2  min 
in  air.  is  determined  from  the  slope  of  the  linear  portion  of  the 
plot  of  strain  vs  ac  driving  field,  displacements  being  measured 
by  a  double  beam  laser  interferometer.  From  Fig.  7,  it  may  be 
noticed  that  at  higher  driving  fields,  higher-order  terms  contrib¬ 
ute  to  the  induced  strain,  the  small  field  assumption  being  no 
longer  valid.  The  thickness  dependence  of  the  effective  <^33, 
plotted  in  Fig.  8,  levels  off  at  approximately  340  pC/N,  a  value 
higher  than  that  observed  in  undoped  ceramic  PZTs,®  possibly 


Fig.  7.  Film  displacement  of  a  9.2-fxm-thick  film  measured  through  a  double  laser  interferometer  plotted  as  a  function  of  driving  field  amplitude. 
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Fig.  8.  Effective  longitudinal  piezoelectric  coefficient  plotted  as  a 
function  of  thickness. 


due  to  extrinsic  effects  resulting  from  the  stress  boundary  con¬ 
ditions  imposed  by  the  substrate  and  surrounding  film,  as  also 
the  film  texture. 

The  dielectric  breakdown  strength  of  a  material,  especially  in 
relation  to  its  projected  operating  voltage,  is  a  crucial  parameter 
in  judging  the  feasibility  of  its  use  in  a  particular  application. 
The  breakdown  strength  of  a  8,2-^m-thick  PZT  film,  deter¬ 
mined  from  the  onset  of  the  sharp  rise  in  current  density  vs  dc 
voltage,  is  640  kV/cm  (Fig.  9).  As  expected  from  thickness 
considerations,  this  value  of  breakdown  field  is  notably  higher 
than  values  for  bulk  ceramics  (60-100  kV/cm),’  yet  lower  than 
breakdo\\'n  levels  reponed  for  submicrometer  thin  films 
(1  MV/cm 

IV.  Summary 

Integrated  piezoelectric  elements  of  thick  film  PZT(52/48) 
on  platinized  silicon  have  been  fabricated  using  a  modified 
sol-gel  spin-on  process.  Crack-free,  dense  films  1-12  \xm  in 
thickness  were  characterized  to  determine  variations  in  struc¬ 
ture  and  electrical  properties  as  a  function  of  film  thickness, 
wherein  20  mol%  of  excess  lead  was  found  to  be  necessary  to 
stabilize  the  perovskite  phase,  and  improve  electrical  proper¬ 
ties.  Highly  textured  films  of  (100)  orientation  were  observed 


Fig.  9.  I-V  plot  of  a  8.2-|xm-ihick  film  to  determine  the  dielectric 
breakdown  strength  of  the  film. 


above  thicknesses  of  5  \im.  The  dielectric  permittivity,  rema¬ 
nent  polarization,  and  longitudinal  piezoelectric  coefficient  sat¬ 
urate  at  values  comparable  to  a  ceramic  PZT  specimen.  The 
high  dielectric  breakdown  strength  of  thick  PZT  films  will 
enable  the  applicability  of  the  films  in  a  number  of  MEMS 
structures  and  smart  systems. 
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abstract 

Lanthanum-doped  lead  zirconate  titanaie  (PLZT)  films,  with  thickness  up  to  10  pm,  are 
fabricated  on  platinized  silicon  substrates  through  a  modified  sol-gel  technique.  Thickness- 
dependent  piezoelectric  properties  measured  with  a  double-beam  laser  interferometer  show 
piezoelectric  relaxation  in  field-induced  strain  as  the  ac  driving  field  exceeds  10  kV/cm.  In 
addition,  the  strain  levels  of  PLZT  thick  films  are  approximately  one  third  of  those  of  undoped 
PZT  films  under  the  same  fabrication  and  measurement  conditions.  For  1  pm  PZT(55/45)  films 
doped  with  0,  2,  and  4  mole%  La,  the  P^E  hysteresis  exhibits  decreasing  squareness  with 
increasing  lanthanum  content  while  the  piezoelectric  coefficient  reduces  from  130  to  52  pC/N. 
Residual  (tensile)  stress  in  these  films  and  resuited  depoling  effect  may  be  responsible  for  this 
phenomenon. 

INTRODUCTION 

Lanthanum-modified  lead  zirconate  titanate  iJLZT)  ceramics  have  been  widely  known  as  the 
first  transparent  ceramics  suitable  for  elecrrcopdc  applications  since  1971  [1].  Because  of  their 
excellent  electrooptic  properties,  optically  transparent  PLZT  ceramics  have  been  exploited  in  an 
ever-growing  number  of  applications  such  as  light  shutters,  modulators,  switches,  color  filters, 
and  im^e  storage  and  display  devices  [2].  Through  proper  choice  of  composition  within  the 
PLZT  phase  diagram,  compositions  with  approximately  4-8  moIe%  La  and  located  at  or  near  the 
morphotropic  phase  boundary  (MPB)  ber.veen  the  rhombohedral  and  tetragonal  phases  are 
found  to  be  of  interest  in  piezoelectric  applications  [3].  Compared  with  undoped  PZT  materials. 
La-doped  PZT  bulk  ceramics  have  shown  great  erJiancement  in  their  electromechanical 
properties;  for  example,  very  high  values  of  planar  coupling  coefficient  kp  and  piezoelectric 
coefficient  of  0.72  and  710  pC/T4,  respectivelv,  have  been  reponed  for  PLZT(7/60/40)  ceramics 

w. 

Since  the  sensitivity  of  monomorph-based  acoustic  image  sensors  increases  with  the 
piezoelectric  voltage  gj/  coefficient  and  the  friickness  of  the  active  piezoelectric  layer, 
ferroelectric  films  of  5-10  jim  thickness  greatly  improve  the  acoustic  receiving  sensitivity  in 
micromachined  high-frequency  electroacoustic  uansducers  [5-6].  While  these  transducers  have 
been  made  with  thick  films  of  the  un-modified  PZT(5Z'48)  composition,  it  is  hoped  that  by 
applying  PLZT  films  with  better  piezoelecuic  properties,  the  acoustic  sensitivity  can  be  further 
improved. 

Since  there  is  no  study  referring  to  the  piezoelectric  propenies  of  PLZT  thick  films  up  to 
date,  it  is  the  objective  of  this  study  to  determine  if  these  piezoelectric  properties  enhancements 
in  PLZT  ceramics  translate  into  the  PLZT  thia'thick  film  vernacular.  Effects  of  lanthanum 
doping  on  associated  dielectric  and  ferroelecmic  properties  of  PZT  films  are  also  discussed. 
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EXPERIMENTAL  PROCEDURE 

In  this  work,  PLZT  films  compositions  close  to  the  MPB  and  exhibitin  w 
piezoelectric  coefficients  in  the  bulk  are  deposited  on  platinum-coated  silicon  wafers.  The^  1  ^ 
spm-on  technique  is  applied  in  this  study  primarily  because  of  its  superb  stoichiometric  cT  "*1 
and  its  compatibility  with  silicon  microiabrication  processes.  The  precursors  used  to  pre"'™ 
PLZT  films  were  lanthanum  acemte.  lead  acetate  trihydrate,  zirconium  n-propoxide,  and  tit^^ 
isopropoxide.  Details  of  the  fabrication  procedure  were  documented  in  our  earher  paper  m 
Compositions  of  PLZT  films  were  formulated  by  assuming  the  fomiation  of  A-site  vacanci^ 
Pbi.i«anoo)La,v7ioo[Zry/iooTii.()7ioo)]03  and  denoted  as  PLZT(A7}7100-I),  where  jT=  0,  2  and'T 
and  r=  55.  Solutions  were  spin-coated  on  1”  square  platinized  silicon  wafers.  Filiiis  with 
thickness  ranging  fiom  0.5  to  10  iim  were  prepared  through  multiple  coatings.  For  electrical 
properties  evaluations,  platinum  top  electrodes  of  1.6  mm  diameter  and  approximately  1200  A 
thickness  were  formed  by  sputtering. 

The  effective  field-induced  piezoelectric  displacements  of  PLZT  films  were  characterized 
with  a  hi^y  sensitive  double-beam  laser  interferometer  [8].  Weak  signal  dielectric  properties 
were  monitored  fiom  an  LCR  meter;  and  P~E  hysteresis  loops  were  recorded  with  a  modified 
Sawyer-Tower  circuit. 

RESLXTS  AND  DISCUSSION 

Figure  1  plots  the  field-induced  strain  as  a  function  of  ac  driving  field  for  various  thicknesses 
of  PZT(p48)  films  reproduced  som  our  earlier  smdy  [7].  It  is  shown  that  at  large  driving  fields 
(>  5  kV/cm),  higher  order  terms  of  ac  field  contribute  to  the  induced  strain,  and  hence  a  linear 
relationship  between  induced  strain  and  driving  force  based  on  the  smail  signal  assumption  is  no 
longer  valid.  The  piezoelectric  cceScient  is  therefore  determined  fiom  the  slope  of  the  linwr 


Figure  1.  Field-induced  straLn  of  various  thicknesses  PZT(52/48)  films  through  a 
double  beam  laser  interferometer  plotted  as  a  function  of  ac  driving  field. 
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Figure  2.  Weak  field  dielectric  peraitiivity  of  PLZT(4/55/45)  films  plotted  as  a 
fimciion  of  film  thickness.  Tee  loss  tangents  are  in  the  range  of  3  to  3.5  %. 
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Figure  3.  Plot  of  the  variation  of  hysteresis  parameters,  remnant  polarization  and 
coercive  field,  of  PLZT(--55  -5)  films  with  film  thickness. 

portion  (small  driving  fields)  of  the  plot  of  induced  sn^  vs.  driving  field.  As  a  reference,  Figure 
I  of  undoped  PZT  films  will  be  used  to  contrast  with  the  results  of  La-doped  PZT  films. 

Small  signal  dielectric  permittivities  and  tangent  losses  of  PLZT(4/55/45)  films  shown  in 
Figure  2  indicate  that  the  permittivities  reach  a  saturation  of  1650  as  film  thickness  exceeds  3  pm; 
but  loss  tangents  are  relatively  independent  of  the  thickness.  Very  similar  tendencies  are  seen  in 
hysteresis  parameters  vs.  thickness  ^Figure  3).  Tne  remnant  polarization  increases  with  the 
thickness  and  saturates  at  film  thicknesses  above  5  ptm;  while  the  coercive  field  does  not  change 
much  with  the  thickness. 

Figure  4  shows  the  field-induced  strain  as  a  nmetion  of  the  ac  driving  field  for  PLZT(4/55/45) 
films  of  different  thicknesses.  Two  distinct  differences  can  be  realized  by  comparing  Figure  4 
with  Figure  1.  First,  while  higher  order  terms  of  ±e  ac  driving  field  promotes  the  induced  strain 
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Driving  Field  (nns)  (kV/cm)  @  1  kHz 


Figure  4.  Field-induced  strain  of  various  thicknesses  of  PLZT(4/55/45)  films  plotted  as  a 
function  of  ac  driving  field.  Notice  the  difference  between  this  plot  and  Figure  1. 

in  PZT  films  as  mentioned  above,  such  phenomenon  is  reversed  in  the  PLZT  samples,  especially 
when  the  film  thickness  becomes  greater.  Second  the  strain  levels  of  PLZT  films  are  about  one 
third  of  those  of  PZT  samples. 

Since  die  piezoelectric  djj  coefficient  is  intrinsically  proponional  to  the  remnant  polarization 
P/?,  it  appears  that  PLZT  films  experience  some  depoling  effect  which  affects  their  piezoelectric 
performance  at  high  driving  fields.  In  order  to  maintain  the  polarization  from  depoling,  dc  biasing 
voltages  of  various  magnitudes  are  applied  when  measuring  the  induced  strain  with  a  fixed  ac 
driving  field  and  the  effective  coefficient  is  obtained  as  the  ratio  of  induced  strain  and  driving 
field  Results  in  Figure  5  show  the  effecnve  d^j  values  increase  initially  with  biasing  voltage, 
which  confirms  that  the  dc  bias  did  hold  ±e  polarization  to  some  extents;  as  ±e  biasing  voltage 


Figures.  The  dc  bias  dependence  of  the  effective  d^s  plotted  for  PLZT(4/55/45) 
films  of  approximately  1,  3,  and  5  pms. 
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exceeds  40  kV/cm,  these  values  decrease  siighily.  However,  such  effect  of  enhancing  effective  Jjj 
by  dc  bias  is  limited  on  the  5  p.m  PLZT  fiims,  as  can  be  seen  by  its  smaller-curvature  profile  in 
Figure  5. 

These  thickness-dependent  piezoelectric  relaxation  phenomena  shown  in  Figures  4  &  5  were 
not  found  in  undoped  PZT  thick  films  from  our  earlier  study  [7].  Thus,  lanthanum  doping  does 
modify  certain  mechanisms  in  PLZT  thick  films.  To  further  inspect  this  issue,  1  pm  thickness 
PZT(55/45)  films  with  0,  2,  and  4  rnole^  lanthanum  were  prepared.  Figure  6  shows  that  the 
dielectric  permittivity  increases  with  the  level  of  La-doping  and  loss  tangent  remains  constant. 
Hysteresis  loops  shown  in  Figure  7  display  less  square  loops,  and  lower  remnant  polarization, 
with  increasing  lanthanum  doping  level. 


Figure  6.  Dielectric  permittivity  and  loss  tangent  of  PZT(55/45)  films  vs.  ±t  level  of 
lanthanum  doping.  Measurement  is  performed  on  HP4274.A.  LCR  bridge 
with  test  signal  set  as  0.1  kV/cm  at  1  kHz. 

From  die  data  of  bulk  PZT  ceramics.  lanthanum-doped  PZT  ceramics  show  improved 
electromechanical  properties  over  PZT  materials.  Tne  incorporation  of  La'*  ions  into  PZT 
ceramics  produces  excess  positive  charges  which  are  largely  compensated  by  Pb  ion  vacancies 
(Vpb’O-  By  forming  Vpb**  the  maneuverabiiir/  of  me  domain  walls  is  greatly  enhanced.  Lower 
coercive  field  and  relatively  higher  squareness  of  P-E  hysteresis  loop  are  expected.  This  is 
usually  termed  as  a  “softening”  effect.  Other  common  characteristics  include  increased  dielectric 
permitti\it>'  and  higher  electromechanical  coupling  coefficients  [9]. 

Shown  in  Figure  8  is,  however,  a  decreasing  tendency  of  the  slope  (which  corresponding  to 
piezoelecnic  djj  coefficient)  with  increasing  the  molar  percentage  of  La  in  PZT(55/45)  films. 
This  seems  to  contradict  the  general  expeemtion  from  La-doping  of  PZT  ceramics  as  stated 
above. 

It  is  recognized  that  the  rigid  substrate  has  ±c  major  effect  on  ferroelectric  film  properties.  Li 
[10]  pointed  out  that,  depending  on  die  substrate  materials  used,  distinctly  different  P-E 
hysteresis  loops  can  be  exhibited  by  the  PLZT  films  identically  processed  fiom  the  same  coating 
solutions.  This  has  been  attributed  to  the  film  stresses  resulting  from  thcnnal  expansion 
mismatch  between  films  and  substrates.  As  the  introduction  of  La  into  the  PZT  structure  creates 
cation  vacancies  and  soften  the  whole  lanice,  diis  makes  PLZT  films  more  susceptible  to  stress 


323 


-200-150-100  -50  0  50  100  150  200 

Elecrric  Field  CkV/cm) 

Figure?.  Lanthanum  doping  effect  in  hysteresis  behavior  of  1  pm  thickness 
PZT(55/45)  films. 


effects  and  consequently  subjected  to  stress-induced  depoling  [11]. 

On  the  other  hand,  since  it  is  belic’/ed  that  the  film  stress  will  be  proportional  to  the 
temperature  difference  between  the  film  annealing  temperature  and  its  phase  transformation 
temperature  (Tc\  and  adding  lanthanum  into  PZTs  tends  to  lower  Tc,  the  residual  stress  level  is 
expected  to  be  greater  in  PLZT  films  than  in  PZT  ones.  This  may  elucidate  the  decreasing  Pr  and 


330 


Driving  Field  (kV  'em)  I  kHz 


Figure  8.  Induced  strain  of  PZT(55/45)  nims  ploned  as  a  function  of  ac  driving  field. 

The  piezoelectric  coefficient  drops  mcreasing  La-doping  level. 

djj  coefficients  exhibited  by  PL2T  films  with  increasing  La  contents.  It  may  also  explain  the 
difficulties  in  depositing  PLZT,  but  not  PZT.  thick  films  on  larger  Si  wafers  wthout  cracking 
[12]. 

Although  definite  answers  to  the  La-ceping  effects  on  the  piezoelectric  responses  of  PLZT 
films  cannot  be  given  at  this  time,  it  is  ffioughi  ±2t  for  piezoelectric  applications  the  La  doping 
concept  developed  in  the  bulk  PZT  ceramics  may  not  apply  to  their  thin/thick  fiim  counterparts. 

CONCLUSIONS 

PLZT  films  v^-ith  thickness  from  0.5  to  10  um  are  fabricated  on  platinized  silicon  wafers  for 
piezoelectric  properties  evaluation.  Unlike  undoped  PZT  thick  films,  PLZT  films  show 
piezoelectric  relaxation  with  increasing  firickness.  particularly  in  the  high  ac  dri\Tng  field 
region.  Besides,  the  strain  levels  of  PLZT  ‘iiick  films  are  less  than  those  of  the  undoped  PZT 
films  under  the  same  fabrication  and  mearurenr.ent  conditions.  Attempts  have  been  made  to 
explain  the  lanthanum  doping  effect  on  ±e  piezo elecric  responses  of  PZT  films  in  terms  of 
residual  film  stresses. 
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ABSTRACT 

Phase  pure  Ba(Mgi/3Ta2,,)03  (BMT)  powders  were  prepared  using  Ba  metal, 
Mg(OC2Hj);,  and  Ta(OCiHs)5  as  metal-organic  precursors.  Thin  films  of 
BMT  were  spin  coated  onto  Pt-coated  Si  (100)  substrates  using  the  prepared 
solution  and  then  fired  at  various  temperatures.  The  X-ray  diffraction 
patterns  show  that  the  films  crystallize  to  a  single  disordered  perovskite 
phase  on  Si  (100)  at  ~600“C.  Scanning  electron  microscopy  reveals  that  the 
films  0.3  pm  in  thickness  and  approximately  0.1  pm  in  grain  size  were 
essentially  crack-free. 

KEYWORDS:  A.  thin-films,  A.  electronic  materials,  B.  sol-gel  chemistry,  C. 
thermogravimetric  analysis  (TGA),  C.  X-ray  diffraction 


INTRODUCTION 

The  requirements  for  dielectric  materials  used  in  microwave  applications  usually  include 
(i)  a  high  unloaded  Q,  (ii)  a  moderate  dielectric  constant,  and  (iii)  small  temperature 
coefficient  of  the  resonant  firequency.  Additionally,  good  sinterablity  and  high 
reproducibility  are  desirable  processing  features  for  these  dielectric  materials. 
Ba(Mg,„Ta:;3)03  (1-4),  Ba(Zn,;3Ta:^)0,  (5),  (Zr,Sn)Ti03  (6),  Ba(Mn,^Ta2;3)03  (7), 
and  other  complex  oxides  have  been  reported  as  promising  microwave  materials.  However, 
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very  high  processing  temperatures  and  poor  sinterability  are  known  obstacles  for 
production,  particularly  for  BMT.  BMT  has  a  melting  point  of  ~3000*C  (4)  and  is  difficult 
to  make  in  the  form  of  high  density  ceramics  and  large  area  crystals.  Additives  such  as  Sn 
or  Mn  have  been  used  in  the  synthesis  of  BMT  to  reduce  the  sintering  temperatures  or 
prolonged  sintering  time  at  high  tempratures.  Many  materials  for  microwave  applications 
have  cations  such  as  Mg,  Sn,  and  Mn  that  easily  form  compounds  with  tantalum  during  the 
conventional  solid  state  reactions  and  possibly  resulting  in  undesirable  phases.  Sol-gel 
processing  has  been  used  for  preparing  phase  pure  bulk  ceramics  and  thin  films.  Sol-gel 
techniques  ensure  homogeneous  mixing  of  cations  and  low  crystallization  temperatures. 

In  this  paper,  we  report  the  synthesis  for  the  first  time  of  phase  pure  BMT  powders, 
ceramics,  and  thin  films  by  the  sol-gel  process,  using  Ba  metal,  Mg(OC2Hj)2,  and  Ta 
(OC2H5)s  as  metal-organic  precursors.  The  densification  of  ceramics  as  a  fonction  of 
sintering  temperature  without  the  use  of  any  sintering  aids  commonly  used  in  solid-state 
reaction  routes  is  also  reported. 


EXPERIMENTAL 

A  schematic  reaction  sequence  for  the  formation  of  BMT  gels  and  thin  films  is  shown  in 
Figure  1.  Initially,  TafOCiH.)}  (Aldrich  Chemicals,  99.99%  purity)  in  stoichiometric 
amount  was  dissolved  in  20  ml  of  2-methoxyethanol  in  a  three-neck  flask  and  refluxed  at 
125°C  for  6  hours  in  an  argon  atmosphere. 

TaCOCjHs)}  +  5  CH3-O-CH2-CH2-OH  -  Ta  (0CH2CH20CH3)5  +  5  C2H5OH 

(yellow  clear  solution) 

The  required  amount  of  Mg(OC2H5)5  ( Aldrich  Chemicals,  99.99%  purity)  was  dissolved 
in  15  ml  of  2-methoxyethanol  along  with  3-5  ml  of  CH3COOH  needed  to  dissolve  the 


FIG.  1 

Schematic  reaction  sequence  for  the  formation  of  BMT  xero-gel. 
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Mg(OC2H5)s  completely.  The  mixture  was  refluxed  for  6  hours  in  an  inert  atmosphere  (e.g., 
Argon/N2  gas). 

Mg(OC2Hj)2+  2  CH3-O-CH2-CH2-OH  -  Mg  (0CH2CH20CH3)2+  2  C2HJOH 

(colorless  clear  solution) 

A  double  alkoxide  (6)  can  be  formed  by  mixing  Mg(0CH2CH20CH3)2  and  Ta(OCH2 
CH20CH3)5  under  inert  gas  atmosphere.  Finally,  Ba(0CH2CH20CH3)2  was  formed  fol¬ 
lowing  the  reaction 

Ba  +  2  CH3-0-CH2-CH:-0H  -  Ba(OCH2CH20CH3)2  +  H2 

(golden  yellow  solution) 

The  Ba-methoxyethoxide  was  cooled  to  room  temperature  and  then  added  to  the  double 
alkoxide  solution.  The  clear  homogeneous  solution  obtained  was  further  refluxed  at  125*C 
for  12  hours  in  argon  atmosphere.  This  process  forms  the  barium-magnesium-tantalum 
precursor  solution.  In  order  to  form  the  BMT  gel,  a  part  of  the  solution  was  hydrolyzed  by 
adding  a  theoretical  amount  of  deionized  water  diluted  with  2-methoxyethanol  in  the 
volume  ratio  1:5.  The  clear  solution  was  put  in  a  60°C  oven  for  3-4  hours  to  form  the  gel. 
The  transparent  BMT  xero-gel  thus  formed  after  drying  was  crushed  with  a  mortar  and 
pestle. 

The  powder  was  analyzed  using  a  Perkin-Elmer  PC-series  thermogravimetric  (TGA) 
analyzer  to  determine  the  drying  and  organic  burnout  behavior  of  the  gel.  Differential 
thermal  analysis  (DTA)  was  done  in  a  Perkin-Elmer  PC-7  series  differential  thermal 
analyzer  interfaced  with  a  computer  for  determination  of  crystallization  temperature.  Phase 
identification  was  carried  out  using  a  Scintag  powder  X-ray  diffraction  (model  DMC-15) 
with  Ni-filtered  Cu  K,i  radiation. 

BMT  thin  films  were  made  by  spin  coating  onto  Si  substrates,  using  the  sol-gel  prepared 
solution.  The  BMT  solution  concentration  was  diluted  to  0.3  M  and  hydrolyzed  with  water 
(1:2  ratio  with  deionized  water).  In  order  to  prepare  crack-free  films,  4%  (by  volume) 
formamide  was  added  to  the  solution.  Prior  to  the  spin  coating,  the  Pt-coated  Si  substrates 
were  thoroughly  washed  with  isopropanol.  Thin  films  were  spun  at  3000  rpm  for  20 
seconds  using  an  Integrated  Technologies  P-6000  spincoater. 

The  deposited  films  were  pyrolyzed  on  a  hot  plate  at  400-450'C  to  remove  the  volatile 
organics  and  then  held  in  a  furnace  set  at  600°C  for  3  hours.  The  films  were  characterized 
by  thin-film  Scintag  X-ray  diffractometer  (model  DMICR08)  with  a  pair  of  divergence 
solvo  silts  ahead  of  the  scintillation  detector.  A  scanning  electron  microscope  (SEM) 
(model  ISI-DS  130,  Akashi  Beam  Tech,  Japan)  was  used  to  study  the  microstructures  and 
also  to  measure  film  thickness.  In  order  to  measure  dielectric  constant  and  loss,  a  pellet  of 
BMT  powder  was  pressed,  sintered,  and  gold  sputtered  on  both  sides.  The  density  of  the 
pellet  as  a  function  of  sintering  temperature  was  determined  using  the  Archimedes  method. 


RESULTS  AND  DISCUSSION 

The  TGA  results  for  the  gel  dried  at  70“C  from  30'’C  to  850*C  with  a  heating  rate  of 
lO'C/min  in  an  air  atmosphere  are  shown  in  Figure  2.  The  TGA  thermograms  show  a 
maximum  weight  loss  at240°C,  indicating  the  decomposition  of  volatile  organics  from  the 
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FIG.  2 

TGA  trace  of  BMT  gel  dried  at  70'C  in  an  air  atmosphere. 

gel.  To  determine  the  calcination,  sintering,  and  crystallization  temperatures  of  the  gel, 
DTA  analysis  was  done  from  lOO'C  to  lOOO'C  with  a  heating  rate  of  10°C/min  in  an  air 
atmosphere.  The  DTA  thermograms  show  a  sharp  exotherm  with  an  onset  temperature  of 
278  "C  and  a  broad  endotherm  with  an  onset  temperature  of  570  "C,  as  shown  in  Figure  3. 
The  sharp  exotherm  at  278  °C  shows  the  organic  burnout  to  form  the  inorganic  BMT  phase, 
and  the  broad  endotherm  at  570'C  is  due  to  the  compound  formation,  which  corroborates 
the  X-ray  analysis.  The  gel  dried  at  60  *C  was  crushed  and  analyzed  by  powder  X-ray 
diffraction.  It  was  found  to  be  amorphous  with  no  well-defined  diffraction  lines.  DTA 
thermograms  show  a  sharp  crystallization  temperature  at  278*C.  A  powder  X-ray 
diffraction  of  the  amorphous  powder  heated  at  300  "C  for  6  hours  is  shown  in  Figure  4. 
Most  of  the  diffracted  lines  could  be  indexed  for  the  BMT.  In  addition,  a  few  impurity  lines 
were  detected  at  the  low  angles.  TGA  analysis  of  the  BMT  powder  heated  at  300*C  for  6 
hours  (Fig.  5)  shows  an  additional  weight  loss  from  organics  of  1.64%  at  500*C.  Reheating 
the  gel  powder  at  a  650»C  for  7  hours  gave  rise  to  X-ray  diffraction  patterns  in  which  all 
the  diffraction  lines  could  be  indexed  in  terms  of  a  disordered  perovskite  structure  of  BMT. 
The  lattice  parameters  were  calculated  using  the  least-square  fitting  program  with  a  pseudo 
cubic  perovskite  structure  a  =  4.0905  A. 

The  values  obtained  are  in  accordance  with  the  data  reported  earlier  (4,8)  for  BMT 
synthesized  by  solid-state  reaction.  The  structure  of  BMT  (4)  is  similar  to  that  of 
Ba(Sr,nTaM)03,  based  on  the  P3ml  space  group.  The  perovskite  structure  has  close-packed 
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FIG.  3 

DTA  trace  of  BMT  powders  calcined  at  300*C  for  6  hours  in  an  air  atmosphere. 

layers  of  barium  and  oxygen  ions  perpendicular  to  <11 1>,  with  Mg  and  Ta  cations 
occupying  the  octahedral  sites  between  the  layers. 

In  the  case  of  solid-state  reaction,  the  phase  pure  BMT  phase  is  obtained  at  high  temper¬ 
atures  ~1600“C  (4)  or  at  ~1300“C  when  precipitated  via  oxine  (2).  In  contrast,  the  sol-gel 
synthesis  route  produced  phase  pure  BMT  powders  at  600*C,  as  shown  in  Figure  4.  The 
density  of  sintered  pellets  as  a  function  of  sintering  temperature  (1300, 1400,  and  1500*C) 
was  measured  by  the  Archimedes  method.  The  pellets  sintered  at  1500“C  had  high  relative 
density  of  98.4%  kg/m^. 


Sintering 

Temperature  f®C) 

Duration 

(hours) 

Measured 
Relative  Density 

1300 

24 

913 

1400 

24 

97,9 

1500 

24 

98.4 

X-ray  diffraction  patterns  for  the  spin-coated  thin  films  on  the  Pt-coated  silicon 
substrates  are  shown  in  Figure  6.  The  BMT  films  were  transparent  with  a  smooth  mirror¬ 
like  surface  after  pyrolysis  at  600*C  for  3  hours.  The  thickness  of  the  films  was  measured 
using  SEM.  Typical  films  0.3  pm  in  thickness  were  formed  free  from  cracks. 
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FIG.  4 

Powder  X-ray  diffraction  patterns  of  the  BMT  powders  heated  at  various  temperatures. 


CONCLUSIONS 

We  have  synthesized  phase  pure  BMT  powder  by  the  sol-gel  technique  and  thin  films  at 
a  very  low  temperature  (~600"C  )  instead  of  by  the  solid-state  reactions  usually  done  at 
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FIG.  5 

TGA  trace  of  BMT  powders  heated  at  SOO^C  for  6  hours  in  an  air  atmosphere. 


high  temperature  (-'1400‘*C)  with  very  long  heating  schedules.  High  quality,  crack- free 
BMT  films  were  prepared  on  Pt-coated  Si  substrates  for  the  first  time.  The  relative  density 
of  pellets  made  with  sol-gel  BMT  powder  increased  with  increasing  sintering  temperature. 
High  relative  density  (98.4%)  kg/m^  BMT  ceramics  were  formed  at  1500“C  in  24  hours 
without  the  addition  of  any  sintering  aid.  SEM  analysis  showed  that  the  films  of  0.3  pm  in 
thickness  were  essentially  crack-free. 
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Abstract—In  this  paper  we  report  on  synthesis 
of  SBT  thin>rilms  by  sobgel  processing.  Sr  metal, 
Bi,  2>ethyl  hexanoate  and  Ta>ethoxide  were  used  as 
precursors.  Thin-Hlms  with  nominal  composition 
SrBi2Ta209  and  SBT  -I-IO  %  excess  Bi  content  were 
made.  Films  were  annealed  at  various  temperatures 
to  study  the  microstructure,  crystallization 
temperature  and  the  polarization  values.  Good 
crystallization  of  SBT  was  obtained  by  annealing 
at  700*C-2brs,  independent  of  the  Bi  content  in  the 
films.  Films  annealed  in  oxygen  atmosphere  at 
800*C-2hrs  did  not  show  any  significant  change  i  n 
the  polarization  value.  Crack  free  films  were  made 
with  film  thicknesses  of  0.4  pm.  Films  annealed  at 
800*C-2  hrs  showed  a  grain  size  of  -0.2  pm,  and 

reasonably  good  polarization  values  of  5  pC/cm^. 
In  contrast,  films  prepared  with  10%  excess  Bi 
showed  a  very  fine  grain  size  <  0.1  pm  with  a  iower 

polarization  values  of  1.5  pC/cm^. 


I.  INTRODUCTION 

Bi  layered  structure  ferroelectrics  are  of  great  interest  for 
ferroelectric  memory  device  applications  because  of  their 
excellent  fatigue  properties  compared  to  lead  zirconate  (PZT) 
thin  films!  1,2].  Newnham  et  al.  [3]  studied  crystal  structure 
of  Sro.9Bao.lBi2Ta209  was  of  particular  interest,  it 
represents  an  Aurivillius  phase  which  does  not  contain  Bi^ 
in  the  perovskite  A  site.  The  compounds  of  the  type 
ABi2B209  system,  the  perovskite-like  layers  consists  of  two 
layers  of  octahedron.  In  the  case  of  Bi4Ti30i2  the  perovskite 
like  layer  of  composition  [(Bi2Ti30io)]x^*  consists  of  three 
layers  of  octahedron  and  in  compounds  ABi4Ti40i5,  it  has 
four  layers  of  octahedron.  Cross  et  al.  [4]  deteimined  the 
elastic  Gibbs  function  and  its  coefficients  for  Bi4Ti30i2.  The 
compounds  containing  perovskite  like  layers  consisting  of 
octahedra  Nb06,  Ta06  and  TiOg  in  the  lattice  of  these 
materials  can  lead  to  spontaneous  polarization  both  in  the 
planes  and  layers  [5].  Bi  layered  structure  films  such  as 
SrBi2T  the  sol-gel  method,  metal  organic  deposition  (MOD), 
laser  ablation,  and  laser  MBE  [6-8].  For  all  of  these  methods, 
it  is  necessary  to  study  the  ferroelectric  and  dielectric 
properties,the  crystallization  behavior,  the  effects  of 
nonsloichiometry  and  film  microstructure  in  detail  in  order  to 
understand  the  best  route  to  prepare  the  Bi  layered  structure 


films.  In  this  p^r  we  report  on  the  properties  of 
SrBi2Ta209  (SBI^  films  with  different  starting  Bi 
compositions. 

II.  EXPERIMENTAL  PROCEDURE 

Fig.l  shows  the  teacdon  sequence  for  the  formation  of 
SBT  films  and  gels.  The  solution  was  cooled  and  diluted  to 
0.3  M  with  deionized  water  and  2-methoxyethanol  in  a  ratio 
of  1:2  [6].  The  solution  was  spin  coated  on  to  Pt  coated  Si 
substrates  after  adding  4  %  by  volume  formamide  to  avoid 
cracking  in  the  films.  The  solution  was  spin  coated  at  3000 
rpm  for  20  seconds  followed  by  drying  at  400’C.  This  spin¬ 
coating  cycle  was  then  tepet^  to  build  up  the  desired 
thickness.  After  the  depositions  the  samples  were  subjected  to 
either  conventional  furnace  annealing  or  rapid  thermal 
annealing  (RTA)  at  temperatures  between  500  and  800’C. 


Fig  1.  Reaction  sequence  for  the  formation  of  SBT  films. 


The  structural  and  microstructural  characteristics  of  the 
films  were  investigated  using  an  X-ray  diffractometer  (XRD) 
and  a  scanning  electron  microscope  (SEM).  The  electrical 
properties  were  measured  using  a  Radiant  Technology  RT66A 
tester  and  an  impedance  analyzer.  In  both  cases,  sputtered  gold 
top  electrode,  with  a  diameter  of  0.4  mm,  were  used. 

in.  RESULTS  AND  DISCUSSION 

It  was  found  that  the  crystallization  of  SrBi2Ta209  films 
started  at  700*C  in  both  the  stoichiometric  films  and  the  Bi 


rich  films.  A  peak  hrom  (I  IS)  indexed  on  the  tetragonal  unit 
cell  was  observed.  The  stoichiometric  film  shows  better 
crystallinity  than  the  Bi  rich  film  following  annealing  at 
800*C  (fig.  2).  For  the  films  annealed  at  600*C  for  6  hours,  a 
peak  from  SrBi2Ta209  was  also  observed.  In  any  case,  the 
crystallinity  of  the  stoichiometric  film  was  better  than  that  of 
the  Bi  rich  film.  The  same  tendency  was  observed  for  the 
films  annealed  at  800’C  using  RTA. 


Fig.  2.  X-ray  diffraction  patterns  of  SBT  films. 


Fig.  3.  D-E  hysteresis  loops  for  stoichiometric  films  annealed 
at  600*C. 

The  structural  properties  analyzed  using  XRD  was 
consistent  with  the  electrical  properties.  The  films  that  had 
the  layered  SBT  sUucture  exhibited  feiroelectric  behavior  in  a 
hysteresis  loop  measurement.  Fig. 3  shows  hysteresis  loops 
for  stoichiometric  films  annealed  at  600*C  for  2  and  6  hours, 
respectively.  The  stoichiometric  film  exhibits  superior 
ferroelectric  properties,  with  a  remanent  polariz-ation  value  of 

around  5  |iC/cm^  (fig.  4),  while  the  Bi  rich  film  shows  a 

polarization  of  1 .5  |i,C/cm^.  It  is  possible  that  the  excess  Bi 
forms  a  BiOx  layer  in  the  film  which  functions  as  a  dielectric 
layer.  In  addition,  the  excess  Bi  leads  to  a  difference  in  the 
film  grain  sizes.  The  stoichiometric  films  had  rough  surfaces 
and  consisted  of  anisometric  grains  with  grain  sizes  between 
0.1  to  0.2  pm.  On  the  other  hand,  films  with  excess  Bi 
showed  smooth  surfaces  and  had  isometric  grains  with  sizes 


under  0.1pm.  Anisometric  grains  are  generally  observed  in 
bulk  ceramics  of  this  material. 

Asymmetry  of  the  hysteresis  loop  was  also  observed  as 
shown  in  Fig.4.  This  might  be  caused  by  the  degradation  of 
the  interface  between  the  ferroelectric  films  and  the  electrodes 
due  to  the  high  temperatures  and  long  annealing  time 
necessary  to  crystallize  the  SBT  films.  A  reaction  between  Bi 
and  Pt  has  been  reported  in  previous  work  [9).  This  reaction 
might  affect  the  crystallinity  of  the  films.  Some  films  were 
also  annealed  in  a  100  %  oxygen  atmosphere  at  800*C  for  2 
hours.  There  was  no  significant  difference  in  either  the 
structural  and  electrical  properties  compared  to  those  annealed 
in  air. 
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Fig.  4.  D-E  hysteresis  loops  stoichiometric  films. 


Since  the  crystal  structures  of  Bi  layer  ferroelectrics  are 
more  complicated  than  the  perovskite  structure,  it  is 
reasonable  to  expect  the  two  crystallization  processes  to  differ 
from  one  another.  In  the  case  of  room  temperature  depositions 
by  sol-gel  methods,  sputter  deposition  or  laser  ablation,  the 
atoms  in  the  amorphous  as-deposited  films  must  be  rearranged 
sipificantly  to  build  the  Bi  layered  structures.  Each  atom  in 
this  case  needs  to  move  more  than  in  the  case  of  formation  of 
perovskite  phase.  For  example,  we  observed  no  crystallized 
phase  in  amorphous  films  prepared  by  laser  ablation  at  room 
temperature  even  after  700*C  annealing  for  2  hours. 


IV.  CONCLUSIONS 

SBT  films  have  been  prepared  by  a  sol-gel  method. 
Stoichiometric  films  annealed  at  800*C  showed  ferro- 
electricity  with  a  maximum  remanent  polarization  of  5 

p.C/cm^,  while  Bi  rich  films  had  poor  ferroelectric  properties. 
The  excess  Bi  produced  difference  in  grain  size  and  grain 
shape.  The  complexity  of  the  Bi  layer  structure  apparently 
increased  the  difficulty  of  crystallization  of  the  films, 
especially  that  prepared  by  PVD  methods.  Crack  free  films 
were  produced  with  a  film  thicknesses  of  0.4  iim. 
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Abstract: 

A  bimorph  based  dilatometer  has  been  developed  which  enables  one  to  characterize  the  electric 
field  induced  strain  response  in  the  out  of  plane  direction  in  thin  and  soft  free  standing  polymer 
film  samples  conveniently  over  a  relatively  wide  frequency  range  (1  Hz  to  1  kHz).  The  test 
results  demonstrate  that  the  newly  developed  dilatometer  is  capable  of  detecting  displacement 
down  to  the  0.01  A  range  at  100  Hz.  The  agreement  between  the  test  results  and  the  model 
analysis  indicates  that  the  device  can  indeed  be  used  reliably  for  these  measurement  with  high 
sensitivity. 
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L  Introduction. 

Polymeric  materials  have  many  attractive  and  unique  features  for  electronic  and 
electromechanical  transduction  applications.  In  these  applications,  how  the  material  behaves 
under  an  external  electric  field  is  of  prime  concern  in  the  material  selection.  Because  of  the 
softness  of  samples  to  be  characterized,  currently  it  is  still  a  great  challenge  to  reliably  determine 
the  strain  induced  by  an  external  electric  field  in  thin  polymer  films  without  imposing  constraint 

In  general,  the  existing  techniques  for  characterizing  the  electric  field  induced  strain  response 
in  a  polymer  film  can  be  grouped  into  two  categories:  the  contact  methods  and  non-contact 
methods.  The  contact  methods  such  as  the  one  making  use  of  the  change  in  capacitance  between 
two  parallel  plates  to  measure  the  dimensional  change  of  a  polymer  film  are  typically  difficult  to 
be  used  on  routine  bases.*-^  In  addition,  the  contacts  from  the  capacitor  plates  in  the  capacitance 
method  may  impose  mechanical  constraints  in  the  sample  which  could  be  significant  for  a  soft 
and  thin  sample  and  introduce  large  error  in  the  measurement.  For  the  non-contact 
measurements,  where  the  laser  dilatometer  is  the  one  most  frequently  used,  in  order  to  determine 
the  field  induced  strain  in  the  out-of-plane  direction  in  thin  films,  two  laser  beams  on  the  opposite 
faces  of  the  sample  are  required.  However,  again  because  of  the  thinness  and  softness  of  the 
films,  it  is  quite  easy  to  excite  the  flexure  motion  in  the  sample  which  causes  severe  errors  in  the 
results.^  It  appears  to  us  that  currently  there  exists  no  suitable  technique  to  characterize  the 
electric  field  induced  strain  in  thin  and  soft  polymeric  samples  reliably  and  conveniently. 

The  recent  development  of  the  atomic  force  microscope  has  demonstrated  the  high  sensitivity 
of  a  cantilever  beam  in  detecting  small  force,  which  implies  that  the  similar  principle  may  be 
transplanted  to  measure  the  displacement  of  soft  polymer  films  without  imposing  large  stress  or 
mechamcal  constrains  in  the  sample.**"^  In  an  even  more  traditional  area,  i.e.,  displacement 
sensor  in  a  phonograph  cartridge,  the  demands  of  audiophiles  have  been  forcing  the  constant 
improvement  of  the  sensor  head  and  as  a  result,  phonograph  cartridges  are  well  developed  high 
sensitivity  transducers  which  require  a  very  small  contact  force  and  can  be  operated  over  a  wide 
frequency  range.  Inspired  by  these  advancements,  we  attempted  to  develop  a  high  sensitivity 
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displacement  sensor  to  characterize  the  electric  field  induced  strain  in  soft  and  thin  polymeric 
samples  based  the  piezoelectric  bimoiph  cantilever  beam,  which  in  the  current  device  was 
modified  from  a  phonograph  pick-up  cartridge,  and  the  results  are  reported  in  this  paper. 

n.  Experimental 

The  schematic  of  the  set-up  is  shown  in  figure  1.  Under  an  external  electric  field,  the  sample 
expands  and  contracts  in  the  z-direction  and  generates  a  corresponding  motion  in  the  sensor 
head.  Consequently,  a  bending  in  the  piezoelectric  bimorph  is  produced.  Through  the  direct 
piezoelectric  effect,  an  electrical  output  which  is  proportional  to  the  sensor  head  displacement  is 
generated.  Through  a  simple  calibration  procedure,  this  output  signal  can  be  used  to 
quantitatively  measure  the  displacement.  In  the  current  set-up,  a  well  aged  PZT-4  piezoceramic 
is  used  as  the  displacement  standard,  whose  piezoelectric  value  was  measured  by  both  a  laser 
dilatometer  and  a  Berlincourt  meter.®-’  By  applying  a  fixed  voltage  to  this  standard,  typically 
in  the  range  between  1  to  10  volts,  a  displacement  in  the  range  of  2  -  20  A  is  generated  to 
calibrate  the  device.  A  typical  calibration  curve  thus  obtained  is  shown  in  figure  2  where  the 
measured  current  from  a  lock-in  amplifier  vs.  the  displacement  in  the  PZr-4  standard  is 
presented  against  the  measuring  frequency.  The  dimensions  of  the  PZT-4  standard  is  5*5*5 
mm  .  The  lock-in  amplifier  used  is  Model  SR830  from  Stanford  Research  Systems  which  has  a 
current  sensitivity  down  to  the  fA  range. 

To  assess  the  performance  of  this  new  bimorph  based  dilatometer  in  characterizing  the  field 
induced  strain  in  soft  polymer  films,  the  relationship  between  the  sample  surface  displacement, 
the  force  the  sensor  head  exerting  on  the  sample,  and  the  error  thus  induced  are  analyzed  based 
on  a  static  model  and  results  are  compared  with  the  experiment.  The  possible  dynamic  effect  on 
the  measurement  is  also  examined. 

in.  Analysis  of  the  Performance 
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Using  the  constitutive  equations  for  a  piezoelectric  ceramic  material,  the  relations  among  the 

displacement  5*’  at  the  point  B,  the  force  F  at  the  tip,  and  the  charge  q  and  voltage  output  V  of  a 

bimorph  supported  at  one  end  under  static  condition  can  be  derived  (as  shown  in  figure  1(b)): 

''  sfih^  Sd^ih^ 

2wP  8r^ 

^  2t 

where  s,,^  is  the  elastic  compliance  of  the  piezoceramic,  w  is  the  width  of  the  bimorph,  dj,  is  the 
transverse  piezoelectric  coefficient,  £33’'"  is  the  dielectric  permittivity,  and  k3,  is  the 


electromechanical  coupling  factor,  respectively.®  In  our  experimental  situation,  the  short  circuit 
condition  is  used  which  implies  V  =  0  in  the  equation  (1), 

For  the  stainless  steel  (ss)  pin  attached  to  the  end  of  the  bimorph,  a  force  F  at  the  tip  G  will 
produce  a  bending  according  to’ 


(2) 


where  r  is  the  radius  of  the  ss  pin  which  is  0.32  mm  in  the  current  device  and  s“  is  the  elastic 
compliance  of  the  ss  pin.  In  addition,  the  bending  in  the  piezoceramic  bimorph  will  also  produce 
a  displacement  at  the  point  G,  which  can  be  shown  through  the  geometric  consideration: 


I 
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2wt^ 


(3) 


where  the  first  term  on  the  right  hand  side  of  the  equation  is  the  displacement  at  the  end  of  the 
bimorph  (point  B  in  figure  1(b))  and  the  second  term  is  just  a  geometric  amplification  effect. 
Combining  this  with  the  bending  at  the  stainless  steel  pin  (eq.  (2))  yields  the  relationship  between 


the  force  F  and  displacement  A  at  the  sensor  head  (point  G): 


A  =  (5^+5’  =BF  (4) 
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where  B  = 


Similarly,  the  charge  output  from  the  sensor  head 


37D-^  2wP  2wt^  ’ 
(piezoelectric  bimorph)  is  given  by 


(5) 


Since  we  are  interested  in  the  displacement  sensing,  combining  eqs.  (4)  and  (5)  produces 


<1 


3d2ih^ 

Zp-B 


(6) 


In  our  set-up,  L  is  approximately  the  same  as  h  and  hence,  B  in  eq.  (6)  is  proportional  h^.  Eq. 
(6)  indicates  that  for  a  fixed  displacement  A  at  point  G,  a  short  length  (smaller  h  and  L)  in  the 


sensor  head  will  improve  the  sensitivity.  The  reason  behind  this  is  that  for  a  fixed  displacement 
A,  a  shorter  length  will  result  in  a  large  force  F  in  the  bimorph  (eq.  (4))  which  results  in  a  high 

charge  output.  As  a  result,  the  sensitivity  of  the  bimorph  sensor  is  approximately  inversely 
proportional  to  h  and  L.  However,  for  the  strain  measurement  in  soft  polymer  films,  as  will  be 
shown  in  the  next  paragraph,  a  large  force  at  the  sensor  head  will  inevitably  introduce  a  large 
error,  which  certainly  imposes  limit  on  the  lengths  of  h  and  L  in  the  device. 

In  order  to  determine  the  optimum  dimensions  for  the  sensor  length  (h  and  L),  the  possible 
error  induced  by  the  force  at  the  sensor  head  (point  G)  in  the  strain  measurement  on  soft  polymer 
films  should  be  analyzed.  From  Newton’s  third  law,  it  can  be  derived  that  this  force  should  be 


equal  to  that  produced  in  the  sample  due  to  the  deformation  (A  -  A^),  i.e.. 


F  =  A(A-Ao)/(s„Ptp)  (7) 

where  A  is  the  contacting  area  of  the  probe  head  with  the  sample,  which  in  our  case  is  about  A  = 
71 0.3^  mm^  Sn”  is  the  elastic  compliance  and  tp  is  the  thickness  of  the  polymer  sample,  and  A,,  is 
the  displacement  of  the  polymer  without  the  force  F.  Clearly,  a  small  error  due  to  the  force  at  the 
sensor  head  requires  Aq/A  be  nearly  equal  to  one.  Combining  eqs.  (4)  and  (7)  yields: 
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A 
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A(A-Ao) 


which,  after  the  rearrangement,  becomes 


^0  - 1  h^n 

A  AB 


(8) 


To  satisfy  the  condition  that  A  is  nearly  equal  to  A^,  it  is  required  that 


A  ,2lV 

-T(~:r~r+~T  3  + — t)»i  (9) 

/pjfi  3;rr^  2wr  2wr 


One  interesting  consequence  of  the  inequality  (9)  is  that  the  error  due  to  the  force  F  at  the  sensor 
head  is  smaller  in  a  thin  film  sample  (tp  is  small)  compared  with  a  thick  one.  Figure  3  presents 

(Aq/A  -1)  vs  the  compUance  of  polymer  film  s„p  for  different  h  (here  for  the  simplicity,  h=L  and 


tp— 0. 1  mm  are  assumed)  based  on  eq.  (8).  Apparently,  for  soft  polymers,  in  order  to  reduce  the 
error,  a  longer  length  of  the  bimorph  (large  h  and  L)  is  required. 


VI.  Experimental  Results. 

Figure  4(a)  presents  the  relationship  between  the  current  output  of  the  sensor  head  and 
driving  electric  field  applied  to  the  PZT-4  standard  (the  displacement  is  linearly  proportional  to 
the  driving  field).  The  data  shown  are  at  100  Hz,  400  Hz,  and  1  kHz.  Since  for  a  fixed 

displacement  A,  the  charge  output  q  is  fixed  and  for  a  sinusoid  signal,  the  current  output  I  from 
the  bimorph  is  equal  to  q  co,  where  ©  is  the  angular  frequency.  The  sensitivity  of  the  system 

which  is  defined  as  FA,  hence,  will  be  directly  proportional  to  the  frequency.  On  the  other  hand, 

the  enviroiunental  noises  such  as  the  vibration  and  air  turbulence,  which  in  the  current  system  are 
the  major  source  limiting  the  probe  sensitivity,  wiH  become  severe  at  low  frequencies.  Due  to 
this  reason,  the  measured  sensitivity  (or  displacement  resolution)  limit  of  the  system  vs. 
frequency,  as  shown  in  figure  4(b),  falls  off  faster  than  1/f.  The  data  in  figure  4(b)  is  from  the 
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error  bar  6A  (A  ±  5A),  which  is  defined  as  the  half  width  at  half  maximum  of  the  displacement 

data  for  a  given  applied  voltage.  To  reduce  these  noises,  the  set-up  was  placed  inside  a  closed 
chamber  during  the  measurement.  The  data  in  figure  4(b)  show  that  the  probe  has  a  sub- 
Angstrom  sensitivity  over  a  relatively  wide  frequency  range.  For  instance,  at  100  Hz,  it  can 
detect  a  displacement  of  0.01  A. 

The  data  at  100  Hz  were  also  used  to  make  a  comparison  between  the  test  result  and  the 
performance  prediction  based  on  the  static  model  presented  in  the  preceding  section.  Since  in  the 
construction  of  the  sensor  head,  the  exact  dimensions  such  as  h  and  L  caimot  be  controlled 
precisely,  the  approximate  values  of  h  =  10  mm,  and  L  =  10  mm  are  used  in  the  calculation.  The 
other  parameters  are:  for  the  piezoceramic  bimorph,  t  =  0.3  mm,  w  =  1.5  mm,  s,,^  =  16.5  *10*’^ 
m-/N,  and  dj,  =  -274  pC/N,  and  for  the  ss  pin,  r  =  0.32  mm,  s’*  =  5.2  *  10''^  m^/N.  Using 
these  parameters,  we  obtain  the  charge  output  1.50*  10'‘-  C  for  a  displacement  at  the  sensor  head 
of  11.04  A,  which  is  very  close  to  the  experimentally  measured  value  of  1.59*10''^  C  (data  in 
figure  4(a)).  Such  a  good  agreement  between  the  model  prediction  and  the  test  result  could  be  a 
coincidence.  However,  it  does  indicate  that  the  probe  functions  properly  with  a  high  sensitivity. 

The  force  exerting  on  the  sample  by  the  sensor  head  can  also  be  evaluated.  For  the  same 
displacement  of  11.04  A  and  charge  output  of  1.59*  10'*^  C,  the  force  F  is  2.07  mg  (eq.  (5)). 

Making  use  of  eq.  (7),  the  difference  between  A  and  Aq  for  a  polymer  film  of  thickness  50  jxm 

and  a  compliance  of  5*10'*  m’/N  is  about  0.2  A  which  amounts  for  a  1.8%  error  in  the  measured 
data  and  indicates  the  probe  in  the  current  configuration  is  proper  for  the  polymers  to  be 
examined. 

One  of  the  concerns  in  operating  this  new  instrument  is  its  operational  frequency  range.  At 
the  low  frequency  end,  the  frequency  limit  is  mainly  caused  by  the  decrease  of  the  sensitivity  as 
the  frequency  is  lowered.  On  the  other  hand,  on  the  high  frequency  end,  it  is  the  resonant 
frequency  of  the  system  which  limits  how  high  the  probe  can  be  operated.  For  a  cantilever 
beam,  the  resonant  frequency  is  inversely  proportional  to  the  square  of  the  length  (h  and  1  for  the 
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system  discussed  here).*®  Shown  in  figure  5  is  the  electric  impedance  of  the  probe  head  (the 
impedance  is  from  the  piezoelectric  bimorph)  vs.  frequency  for  the  system  tested  where  the  probe 
head  is  in  contact  with  a  sample  as  in  the  measurement  situation.  As  seen,  the  first  resonance 
mode  appears  at  a  frequency  above  2  kHz.  From  the  fixed  boundary  condition  at  the  two  ends, 
this  resonance  corresponds  to  a  half-wave  length  resonance.  Hence,  the  device  can  be  used  at 
frequencies  up  to  1  kHz  without  the  interference  with  the  resonant  mode  which  was  also 
confirmed  by  direct  experimental  results. 

As  the  operation  frequency  increases,  one  is  also  concerned  with  the  possible  mass  loading  on 
the  sample.  According  to  Newton’s  second  law,  this  force  should  be  proportional  to  the  square 
of  the  frequency.  To  assess  this  effect,  the  worst  case  scenario  is  considered,  i.e.,  with  all  the 

mass  m  of  the  stainless  steel  pin  concentrated  at  the  tip  so  that  the  force  is  equal  to  m  A,  which 

at  1  kHz  is  1.46*10’*  N  for  A  =  11.04  A  and  is  more  than  ten  times  smaller  than  the  force 

originated  from  the  bending  of  the  sensor  arm  (the  static  force).  Hence  for  the  current 
configuration,  the  probe  is  capable  of  operating  over  a  wide  frequency  range  without  significant 
mass  loading  effect. 

After  the  calibration  and  evaluation  of  the  device,  a  series  of  polyurethane  elastomers  (DOW 
21 03-80 AE)  was  characterized  as  to  their  field  induced  strain  responses.  In  the  temperature  range 
about  room  temperature,  the  compliance  of  the  polyurethane  samples  is  below  5*10’®  m^/N  and, 
the  device  can  be  used  to  determine  the  field  induced  strain  without  introducing  significant  error 
as  has  been  shown. 

It  is  well  known  that  in  this  type  of  material,  because  of  the  central  symmetry,  the  strain  S  is 
proportional  to  the  square  of  the  applied  electric  field  E,  i.e.,  S  =  RE^,  where  R  is  a  coefficient 
describing  the  sensitivity  of  strain  change  in  the  material  to  the  external  electric  field.  For  a 

sinusoidal  applied  electric  field  E=  Eg  cos  cot,  it  is  the  2f  component  of  the  strain  response  that  is 

measured  by  the  lock-in  amplifier. 
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S  =  R  (Eq  cos  cot)  ^ 

=  R  Eo^(l-cos  2cot)  /  2  (9) 

and  the  displacement  amplitude  A  measured  at  the  probe  head  at  2f  frequency  is 
A  =  tpREoV2 

Shown  in  figure  6  is  the  R  coefficient  for  polyurethane  films  vs.  thickness  at  different 
frequencies  measured  at  room  temperature.  The  samples  are  solution  cast  films  of  DOW 
polyurethane  2103-80AE  and  the  electrode  is  sputtered  gold  film  of  about  300  A  thickness.  The 
negative  sign  of  R  coefficient  shows  that  the  film  contracts  as  an  electric  field  is  applied.  The 
device  is  quite  convenient  in  measuring  the  electric  field  induced  strain  in  thin  film  samples  and 

the  thinnest  film  measured  here  is  20  |im.  From  the  basic  principle  of  the  device  and  the  analysis 

presented,  it  is  clear  that  the  probe  can  be  used  to  characterize  the  strain  response  in  even  thinner 
films.  The  dependence  of  R  with  thickness  has  been  investigated  earlier  and  due  to  the  limitation 
of  the  measuring  technique  (a  laser  beam  dilatometer),  the  thinnest  sample  examined  was  0.15 
mm.  In  the  thickness  range  overlapped,  the  results  from  the  two  measurements  are  consistent 
with  each  other.  Figure  7  presents  a  comparison  between  the  result  measured  from  the  current 
device  and  that  from  a  double  beam  laser  dilatometer  on  polyurethane  sample  of  2  mm 
thickness.’  Apparently,  the  results  from  the  two  agree  with  each  other  quite  well. 

The  displacement  A  of  the  polyurethane  film  of  50  jim  thick  was  also  measured  as  a  function 

of  driving  field  at  100  Hz  and  the  result  is  shown  in  figure  8.  As  expected,  the  displacement 
exhibits  a  V’  dependence  where  V  is  the  applied  voltage.  Clearly,  the  result  demonstrates  that  at 
this  fi-equency,  the  set-up  has  a  resolution  much  below  10"’  A  for  a  soft  thin  polymer  film 

V.  Summary 

In  summary,  a  novel  bimorph  based  dilatometer  has  been  developed  which  enables  one  to 
characterize  the  electric  field  induced  strain  response  in  thin  and  soft  polymer  film  samples 
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conveniently  over  a  relatively  wide  frequency  range  (1  Hz  to  1  kHz).  The  test  results 
demonstrate  that  the  newly  developed  dilatometer  is  capable  of  detecting  displacement  much 
below  0.01  A  at  100  Hz.  The  agreement  between  the  test  results  and  the  model  analysis  indicates 
that  the  device  can  indeed  be  used  reliably  for  these  measurements  with  a  high  resolution. 

This  work  was  supported  by  the  Office  of  Naval  Research. 


10 


References: 

1.  M.  Zhenyi,  J.  1.  Scheinbeim,  J.  W.  Lee,  and  B.  A.  Newman,  J.  Polym.  Sci.  Part  B: 
Polym.  Phys.  32,  2721  (1994). 

2.  Ravi  F.  Saraf,  Ho-ming  Tong,  Tze  W.  Poon,  B.  David  Silverman,  Paul.  S.  Ho,  and 
Angelo  R.  Rossi,  J.  Appl.  Polym.  Sci.  1329  (1992). 

3.  H.  Wang,  Q.  M.  Zhang,  L.  E.  Cross,  R.  Ting,  C.  Coughlin,  and  K.  Rittenmyer,  Proc. 
Int.  Symp.  Appl.  Ferro.  9, 182  (1994). 

4.  G.  L.  Miller,  J.  E.  Griffith,  E.  R.  Wagner,  and  D.  A.  Grigg,  Rev.  Sci.  Inst.jg2,  705 
(1991). 

5.  T.  Itoh  and  T.  Suga,  J.  Vac.  Sci.  Technol.  B12.  1581  (1994). 

6.  PZT-4  is  the  trademark  of  Morgan  Matroc  Inc.  OH  for  its  piezoceramic. 

7.  Q.  M.  Zhang,  S.  J.  Jang,  and  L.  E.  Cross,  J.  Appl.  Phys.  2807  (1989). 

8.  J.  M.  Herbert,  "Ferroelectric  Transducers  and  Sensors"  (Gordon  and  Breach  Science 
Publishes,  N.  Y.  1982). 

9.  Landau  and  E.  M.  Lifshitz,  “Theory  of  Elasticity”  (Oxford:  Pergamon  Press  1986). 

10.  H.  Wang,  Ph.  D.  Thesis,  The  Pennsylvania  State  University  (1994). 


11 


Figure  captions: 

Figure  1.  (a)  Schematic  of  the  newly  developed  high  resolution  displacement  sensor  and 
the  electric  driving  and  detection  circuits;  (b)  Schematic  of  the  sensor  head  consisting  of  a 
piezoceramic  bimoiph  and  a  stainless  steel  pin.  The  bending  in  the  bimorph  generates  an 
electric  output  which  is  proportional  to  the  displacement  at  the  point  G. 

Figure  2.  The  calibration  curve  of  the  displacement  sensor  which  shows  that  the  sensitivity 
of  the  device  is  proportional  to  the  frequency.  Open  circles  are  the  experimental  data  and  solid 
line  is  a  linear  fitting  curve. 

Figure  3.  The  error  in  the  displacement  (A^/A  -1)  caused  by  the  force  from  the  bending  in 
the  sensor  head  vs.  the  elastic  compliance  of  the  polymer  film  of  100  pm  thickness  for  sensors 
with  different  bimorph  and  ss  pin  lengths  (L=h  is  assumed)  (calculated  from  eq.  (8)). 

Figure  4.  (a)  The  current  measured  by  a  Lock-in  amplifier  vs.  the  displacement  in  a  PZT- 
4  standard  (the  displacement  in  PZT-4  =  2.20  A  *  applied  voltage)  which  shows  a  linear 
relationship  between  the  displacement  and  the  current  output.  The  sensitivity  of  the  device 
decreases  at  low  frequency.  Open  circles,  black  dots,  and  crosses  are  the  data  points  and 
solid  lines  are  drawn  to  guide  eyes,  (b)  The  displacement  resolution  limit  of  the  device  vs. 
frequency.  Apparently,  the  resolution  limit  drops  off  faster  than  1/f  Open  circles  are  the  data 
and  solid  curve  is  drawn  to  guide  eyes. 

Figure  5.  The  electric  impedance  curve  measured  from  the  piezoelectric  bimorph  when  the 
probe  head  was  in  contact  with  a  sample.  There  is  no  noticeable  resonance  at  frequencies 
below  2  kHz  (the  weak  resonances  are  indicated  by  arrows).  Hence,  the  current  device  can  be 
used  up  to  1  kHz  without  the  interference  of  the  resonance.  The  resonant  frequency  in  the 
device  can  be  raised  by  reducing  the  lengths  of  the  bimorph  and  ss  pin. 

Figure  6.  R  of  a  pol)mrethane  elastomer  (DOW  2103-80AE)  as  a  function  of  the  sample 
thickness  at  different  frequencies.  The  negative  sign  of  R  coefficient  indicates  that  the  film 
contracts  when  a  voltage  is  applied.  The  thinnest  sample  measured  is  20  pm  thick.  Data 
points  are  shown  on  the  figure  and  the  solid  curves  are  drawn  to  guide  eyes. 
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Figure  7.  Comparison  of  R  coefficient  of  a  polyurethane  sample  (2  mm  thick)  measured 
from  a  double  beam  laser  dilatometer  (solid  circles)  and  the  newly  developed  bimorph 
dilatometer  (open  circles)  as  a  function  of  frequency. 

Figure  8.  The  displacement  measured  from  a  polyurethane  thin  film  (50  pm)  under  an 
electric  field  of  100  Hz  as  a  function  of  applied  voltage.  The  black  dots  are  the  data  and  solid 
line  is  a  fitting:  Displacement  ~  V^.  The  data  demonstrate  the  high  resolution  of  the  system 
(much  below  0.01  A). 
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